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FOREWORD 

The goal o f  t h i s  NASA c o n t r a c t  i n  broad terms i s  the  understanding o f  h e l i -  
cop ter  i n t e r n a l  no ise  mechanisms and t h e  development, design, and t e s t i n g  o f  
no ise c o n t r o l  concepts which w i l l  produce s i g n i f i c a n t  reduc t ions  i n  t h e  acous- 
t i c  environment t o  which t h e  passengers and p i l o t s  are exposed. The Phase I 
and Phase I1 e f f o r t s  [l, 2]* have produced much progress toward t h i s  goal .  
Phase I prov ided a bas ic  understanding o f  t h e  complex h e l i c o p t e r  cab in  no ise 
environment and a l s o  produced an a n a l y t i c  method f o r  p r e d i c t i o n  o f  t he  r e l a -  
t i v e l y  high-frequency s t ruc tu re-borne v i b r a t i o n s  which lead t o  t h e  generat ion 
o f  bare cab in  acous t ic  energy l e v e l s .  The success o f  any la rge-sca le  a n a l y t i c  
method c l e a r l y  depends on v a l i d a t i o n  o f  i t s  accuracy. The Phase I1 e f f o r t  
p rov ided t h e  f u l l - s c a l e  v a l i d a t i o n  requ i red  t o  b u i l d  conf idence i n  the a p p l i -  
c a t i o n  o f  S t a t i s t i c a l  Energy Analys is  (SEA) technology t o  h e l i c o p t e r  cabin 
no ise and s t ruc tu re-borne energy p r e d i c t i o n s  i n  a bare a i r c r a f t  con f i gu ra t i on .  

The Phase I11 e f f o r t  descr ibed he re in  i nvo l ved  t h e  i d e n t i f i c a t i o n  and evalua- 
t i o n  o f  c u r r e n t  and advanced t reatment  concepts, i n c l u d i n g  i s o l a t i o n  o f  s t ruc -  
ture-borne paths. I n  add i t i on ,  a p l a n  was devised f o r  t he  f u l l - s c a l e  t e s t  and 
eva lua t i on  o f  an i s o l a t i o n  concept du r ing  Phase IV: V a l i d a t i o n  o f  Concepts. 

*Numbers i n  brackets  r e f e r  t o  t h e  Reference l i s t .  
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PHASE I11 OBJECTIVES 

The Phase I11 development program general o b j e c t i v e s  are: 1) i n c o r p o r a t i o n  o f  
var ious noise c o n t r o l  t reatment  concepts i n t o  t h e  a n a l y t i c  SEA model devel oped 
f o r  t h e  S-76A (see Photo 1) i n  Phase I [l] o f  t h i s  contracted e f f o r t  and 
v a l i d a t e d  i n  Phase I1  [ E ] ,  2) p r e d i c t i o n  o f  t h e  r e l a t i v e  e f fec t i veness  o f  these 
noise c o n t r o l  concepts, 3) d e f i n i t i o n  and e v a l u a t i o n  o f  a p r e l i m i n a r y  acous t i c  
i s o l a t o r  design, and 4) f o r m u l a t i o n  o f  a f u l l - s c a l e  v a l i d a t i o n  p l a n  f o r  t h e  
Phase I V  e f f o r t .  S p e c i f i c  i tems which w i l l  a l l o w  these o b j e c t i v e s  t o  be met 
a re  as fo l l ows :  

i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  va r ious  noise c o n t r o l  
concepts, 

implementat ion o f  no i se  c o n t r o l  concepts w i t h i n  the  S-76 SEA 
model, 

exper imentat ion i n v o l v i n g  some aspects o f  these noise c o n t r o l  
concepts, 

d e f i n i t i o n  and e v a l u a t i o n  o f  a p r e l i m i n a r y  acous t i c  i s o l a t i o n  
design t o  reduce s t ructure-borne t ransmiss ion o f  acous t i c  
frequency main gearbox gear c l a s h  v i b r a t i o n s  i n t o  t h e  a i r -  
frame , 

f o r m u l a t i o n  o f  a p l a n  ( t o  be implemented i n  Phase I V )  f o r  t h e  
f u l l - s c a l e  v a l i d a t i o n  o f  t h e  i s o l a t i o n  concept, and 

p r e d i c t i o n  of t h e  cab in  no i se  environment w i t h  va r ious  noise 
c o n t r o l  concepts i n s t a l  1 ed. 

Completion o f  these o b j e c t i v e s  a l l ows  comparisons t o  be made showing t h e  
r e l a t i v e  e f f e c t i v e n e s s  o f  va r ious  noise c o n t r o l  concepts on a dB pe r  pound o r  
dB p e r  d o l l a r  basis.  The Phase 111 e f f o r t  and an overview o f  i t s  p lace  i n  t h e  
t o t a l  program i s  shown i n  t h e  Flow o f  A c t i v i t i e s  (F igure 1). Phase I11 pro-  
v ides a framework f o r  t h e  fo l low-on, f u l l - s c a l e  e v a l u a t i o n  o f  t h e  most e f f e c -  
t i v e  no i se  c o n t r o l  concepts. I s o l a t i o n  o f  t h e  a i r f rame from acous t i c  frequency 
gear mesh load ing  tones and harmonics s t i l l  appears t o  rank f i r s t  i n  e f f e c -  
t iveness,  f o l l owed  by va r ious  s k i n  damping techniques, acous t i c  i s o l a t i o n  o f  
panels, and a i r f rame m o d i f i c a t i o n .  As such, t h e  Phase I V  a c t i v i t i e s  shown i n  
F igure 1 a n t i c i p a t e  v a l i d a t i o n  o f  an i s o l a t i o n  concept as t h e  pr imary e f f o r t ,  
w i t h  a i r f rame m o d i f i c a t i o n  e f f e c t s  as an i n t e r e s t i n g  approach f o r  f u t u r e  a i r -  
c r a f t .  
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These va r ious  tasks  a re  descr ibed as: 

Task 1: I d e n t i f i c a t i o n  o f  no ise  c o n t r o l  concepts 

I n  t h i s  t a s k  t h e  p r a c t i c a l  cons idera t ions  taken i n t o  account d u r i n g  t h e  design, 
f a b r i c a t i o n ,  and i n s t a l l a t i o n  o f  an i n t e r i o r  cab in  t rea tment  w i l l  be o u t l i n e d .  
Inc luded w i l l  be concerns f o r  cos t ,  weight,  p r o d u c i b i l i t y ,  i n s t a l l a t i o n ,  
a c c e s s i b i l i t y ,  f l a m m a b i l i t y  and t o x i c i t y .  These cons ide ra t i ons  p lace  c e r t a i n  
c o n s t r a i n t s  on t h e  t rea tment  types.  Cur ren t  t rea tment  approaches, i n c l u d i n g  
t r i m  panels, panel i s o l a t o r s ,  s k i n  and web damping, and absorp t ion ,  w i l l  be 
i d e n t i f i e d .  Advanced concepts which have a t t r a c t i v e  acous t i c  and we igh t  
b e n e f i t s  w i l l  a l s o  be i d e n t i f i e d .  A m i n i  case study w i l l  a i d  i n  these 
i d e n t i f i c a t i o n s  by d e p i c t i n g  rea l -wor ld  a p p l i c a t i o n s .  

Task 2: Charac te r i za t i on  o f  t h e  Task 1 no ise  c o n t r o l  concepts 

The nex t  s tep i n  t h e  process i s  t o  cha rac te r i ze  the  acous t i c  and dynamic 
behavior assoc ia ted  w i t h  t h e  var ious  noise c o n t r o l  concepts o u t l i n e d  i n  Task 1. 
These models i nco rpo ra te  any exper imental /empir ical  i n fo rma t ion  approp r ia te  f o r  
t h e  s i t u a t i o n .  Based on t h e  r e l a t i v e  conf idence l e v e l s  f o r  these models, a 
small sca le  experiment was conducted t o  t e s t  t he  model v a l i d i t y .  

Task 3: Implementation o f  no ise  c o n t r o l  concepts 

Once t h e  no ise  c o n t r o l  concepts have been i d e n t i f i e d  and charac ter ized ,  they 
must then be i nco rpo ra ted  w i t h i n  t h e  S-76 a n a l y t i c  model. T h i s  i nvo l ves  t h e  
t rans fo rma t ion  o f  i n fo rma t ion  generated under Task 2 i n t o  a SEA format consis-  
t e n t  w i t h  t h e  S-76 SEA model [l]. I n  p a r t i c u l a r ,  t h e  model was mod i f i ed  t o  
i nc lude  t h e  standard i n t e r i o r  shown i n  Photo 2 ( l i g h t  weight,  hard  sur face  t r i m  
panels), t h e  execut ive  ( V I P )  i n t e r i o r  shown i n  Photo 3 (h ighe r  sur face  dens i t y ,  
g e n e r a l l y  w i t h  s o f t  sur face  t r i m  panels) ,  and an advanced no ise  c o n t r o l  con- 
cepts  i n t e r i o r  v a r i a t i o n .  These a d d i t i o n s  t rans form t h e  Phase I 1  bare a i r c r a f t  
model i n t o  a model capable o f  p r e d i c t i n g  and eva lua t i ng  t h e  complete a i r c r a f t  
i n c l u d i n g  t h e  r e l a t i v e  m e r i t s  o f  acous t ic  t reatment concepts. 

Task 4: Exper imentat ion t o  suppor t  development  of SEA n o i s e  c o n t r o l  t rea tment  
model s 

Dur ing  t h e  i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  va r ious  no ise  c o n t r o l  con- 
cepts,  l i m i t e d  l a b o r a t o r y  experiments a re  r e q u i r e d  t o  support  t h i s  development 
work. Mounting c h a r a c t e r i s t i c s  f o r  b o t h  t r i m  panel i s o l a t i o n  and gearbox 
i s o l a t i o n  present two areas where experimental work i s  u s e f u l .  These exper i -  
ments i n v o l v e  shake t e s t  measurements t o  cha rac te r i ze  t h e  frequency response o f  
t h e  i s o l a t o r  m a t e r i a l .  I n  a d d i t i o n ,  exper imentat ion on t h e  sound b l o c k i n g  
c h a r a c t e r i s t i c s  o f  t h e  va r ious  t r i m  panel types was performed. Th is  was done 
i n  a spec ia l  s ide  by s ide  chamber arrangement shown schemat ica l l y  i n  F igure  2 
and i n  Photos 4 and 5 .  I n fo rma t ion  gained i n  t h i s  t a s k  i s  used t o  enhance t h e  
S-76 SEA model developed i n  Task 3. 

Task 5: P r e d i c t i o n  o f  t h e  e f f e c t  va r ious  no ise  c o n t r o l  concepts have on S-76 
cabin no ise  l e v e l s  
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Photo 2. Typ ica l  U t i l i t y  I n t e r i o r ,  A f t  Passenger Cabin. 
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I REVERBERANT 
TEST CHAMBER 

I 1-f I I 

I I i: 
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TEST CHAMBER / 

Figure 2. Laboratory Experiment Schematic f o r  Eva1 uat ion of 
Acoustic Treatment. 
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Photo 4. Panel Test ing - Reference Specimen, Reverberant 
Room Side. 
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Photo 5. Panel Tes t ing  - Reference Specimen, Anechoic 
Room Side. 
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The SEA model, as m o d i f i e d  t o  i n c l u d e  these no ise  c o n t r o l  concepts o u t l i n e d  i n  
Tasks 1 through 4 ,  i s  now ready t o  be exercised. Th is  t a s k  i n c l u d e s  t h e  gener- 
a t i o n  o f  a d d i t i o n a l  parameters r e l a t e d  t o  s p e c i f i c  no i se  c o n t r o l  t reatments 
incorpora ted  w i t h i n  t h e  model by t h e  Task 3 improvements. Parameters r e q u i r e d  
f o r  t h e  bas i c  bare a i r c r a f t  were developed under Phase I1 and, where poss ib le ,  
a re  r e t a i n e d  f o r  t h i s  t a s k .  P r e d i c t i o n s  a re  generated f o r  va r ious  no ise  
c o n t r o l  c o n f i g u r a t i o n s .  These p r e d i c t i o n s  a re  compared w i t h  a v a i l a b l e  measured 
a i r c r a f t  data.  The performance o f  these no ise  c o n t r o l  concepts a re  then 
i n t e r p r e t e d  and evaluated r e l a t i v e  t o  a b e n e f i t  parameter such as c o s t  and/or 
weight.  

Task 6: D e f i n i t i o n  o f  a p r e l i m i n a r y  i s o l a t i o n  design and v a l i d a t i o n  p l a n  

I n  t h i s  t a s k  t h e  p r e l i m i n a r y  design d e f i n i t i o n  o f  an i s o l a t o r  i s  accomplished. 
T h i s  i n v o l v e s  t h e  phys i ca l  c o n s t r a i n t s  present  i n  t h e  h e l i c o p t e r ,  such as: 
attachment p o i n t  geometry and s i z e  l i m i t a t i o n s ,  s t a t i c  and dynamic s h a f t  
a l ignment (engine and t a i l  d r i v e  s h a f t )  f o r  va r ious  f l i g h t  maneuvers, c o n t r o l  
l i n k a g e  mot ion and system s e n s i t i v i t y ,  a i r f r a m e  dynamic e f f e c t s ,  main r o t o r  
loads t r a n s f e r ,  and environmental i n t e g r i t y .  

The i s o l a t i o n  d e s i g d p r e d i c t i o n  procedure i s  exerc ised t o  determine candidate 
designs c o n s i s t e n t  w i t h  t h e  above c o n s t r a i n t s  and m a t e r i a l  c h a r a c t e r i s t i c s .  
The shape and s i z e  o f  an i s o l a t o r  i s  then d e f i n e d  t o  achieve these d e s i r e d  
c h a r a c t e r i s t i c s .  The f i n a l  p o r t i o n  o f  t h i s  e f f o r t  i n v o l v e s  t h e  f o r m u l a t i o n  o f  
a p r a c t i c a l  p lan,  which would form t h e  b a s i s  o f  t h e  Phase I V  program, t o  
e s t a b l i s h ,  on a f u l l - s c a l e  bas is ,  t h e  v a l i d i t y  o f  t h i s  i s o l a t i o n  design. The 
general i n t e n t  i s  t o  ground t e s t  t h e  i s o l a t o r  on a m o d i f i e d  a i r c r a f t .  
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An interesting, albeit subtle, modeling change involves the acoustic radiation 
from the beam webs and flanges. In the bare cabin configuration these web and 
flange surfaces exhibit an unbaffled radiation into the cabin acoustic space. 
This is a very inefficient mode of radiation and, in the bare configuration, 
has negligible impact on cabin sound pressure levels. However, when trim 
panels are attached to the inboard side of the beam flanges, the web and flange 
radiation changes to a baffled configuration. Not only does the web and flange 
now become a more efficient radiator, but it also now radiates into the acous- 
tic cavity created between the aircraft outer skin and the trim panel rather 
than into the cabin. When modeled in this manner, the influence of add-on beam 
damping will be seen not only as an energy loss mechanism for that particular 
subsystem, but also as a reduction in radiated energy contributing to the 
reverberent build-up in the acoustic cavity. 

INTERIOR CABIN NOISE CONTROL CONCEPTS 

Damping as a treatment type is being modeled in several distinct configura- 
tions, including: (1) constrained layer damping where a viscoelastic material 
is sandwiched between a base structure and a stiff non-structural member to 
provide a shearing action within the elastomer, (2) free extensional damping 
which is just a free damping layer applied to a surface, and (3 )  a damping 
layer within a built-up panel. The modeling of these three damping types 
involves changes to the mass and stiffness properties of the particular sub- 
section as well as the energy propagation within that subsection. In some 
construction types, the coupling loss factors to other subsections may also be 
modified. 

Acoustic panel treatments are initially being subdivided by their conceptual 
impact on cabin acoustics. One type is the relatively thin trim panel, closely 
mounted to an adjoining panel (e.g.: an airframe outer skin panel). In this 
configuration there is a very small acoustic space created between the skin and 
treatment panel. Essentially the treatment can be considered as a septum which 
modifies the radiation efficiency of the skin panel while assuming that the 
trim panel response is of a non-resonant nature. The difficulty with this 
approach is that batting material stuffed in the bay between these two panels 
would not be properly modeled, since a change in radiation efficiency alone 
would not account for the energy dissipation mechanism of the intervening 
batting. The damping loss factor effects of batting material in larger bays is 
taken into consideration because the larger bays are considered to be acoustic 
spaces in the model (i.e.: an additional subsectioddegree of freedom). A 
larger space between the trim panel and the outer skin has several distinct 
differences: (1) the acoustic space will have resonant modes in the fre- 
quencies of interest, (2) the trim panel cannot be modeled as a radiation 
efficiency modification, and (3)  the batting material can be treated as a 
modification to the acoustic space loss factor. 
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Another type o f  modeling cons idera t ion  i s  t h e  i s o l a t i o n  o f  panels where the  
frames are  coupled through p o i n t  s t i f f n e s s e s  t o  panels which have t h e i r  own 
resonances. P o i n t  impedance models a re  used a t  t h e  attachment p o i n t s  l ook ing  
i n t o  each subsystem. Considerat ion i s  g iven  t o  t h e  beam attachment and whether 
t h e  energy t r a n s f e r  i s  from out-of -p lane modes o r  t he  combined in-p lane/  
t o r s i o n  modes. 

Inc luded are  t y p i c a l  convent ional  approaches, such as: 1) cab in  acous t ic  
absorpt ion,  2) panel damping treatments , 3) t r i m  panel and c a v i t y  absorpt ion,  
and 4) t r i m  panel i s o l a t i o n ,  as w e l l  as advanced t reatment  approaches, such as: 
1) gearbox i so l  a t i o n  mounts , and 2) advanced composite mater i  a1 designs. 

13 



The following sections summarize these approaches and indicate areas of con- 
cern: 

Conventional Treatment Approaches 

1. Cabin Acoustic Absorption 

a) Use of absorbing "carpet" materials 

walls, floors, ceilings, furnishings (seating, credenzas, etc.), 
bul kheads 

b) Effect on total wall absorption in the cabin (absorption coefficient) 

c) Cabin acoustic loss factor for SEA acoustic subsystem 

d) Effect on pressure level distribution within the cabin: 

- direct field levels near radiating panels 
- reverberant levels in central region o f  cabin - non-uniform distribution of absorbing materials 

e) Information inputs from: 

carpet manufacturers, product suppl iers , reverberant room absorption 
testing, sample testing, impedance tube measurements. 

2. Panel Damping Treatments 

a) Constrained layer shear treatment 
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Con st rai ni ng Layer 

Viscoelastic Shear Layer 

Base Panet 

7 

L 
t 'T* 
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Figure  3. Typ ica l  Constrained Layer 
Damping Cross Sect ion 

b) Free extens ional  t reatment  

Viscoelastic Layer 

\ \ \  -Neutral Axis of Composite 

t Base Panel 

F igure  4. Typ ica l  Free Extensional  
Damping Layer Cross Sect ion 

c)  Modeling t o  inc lude:  

- increase i n  panel damping - e f f e c t s  on propagat ion behavior  

changes i n  bending r i g i d i t y  o f  base panel and increase i n  t o t a l  
mass [3] 

d) I n p u t s  t o  t h e  model: 

- m a t e r i a l  p r o p e r t i e s  o f  t h e  v i s c o e l a s t i c  l a y e r s  

mass, shear and Young's modul i ,  l o s s  f a c t o r ,  frequency depen- 
dence o f  p r o p e r t i e s  

- geometries 
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3.  T r i m  Panel and Cav i t y  Absorpt ion (Acous t ic  Path) 

Acoustic Cavity 

Skin Panel 

Trim Panel 

Absorptive Material (Fiberglass, 
Open Cell Foam) 

F igure  5. Typ ica l  T r im Panel, Cav i ty ,  
A i r f rame Cross Sec t ion  

Acoust ic  t ransmiss ion  i n t o  the  cab in  

Acoust ic  resonances i n  t h e  c a v i t y  

a) Absorbing c a v i t y  f i l l  m a t e r i a l  

- f l o w  r e s i s t i v i t y  o f  b lanke t  m a t e r i a l  

- e f f e c t  on sound propagat ion  
iso thermal  compression o f  a i r ,  
p o r o s i t y ,  f l o w  r e s i s t i v i t y ,  
de termina t ion  of propagat ion phase speed, 
a t t e n u a t i o n  [4 ]  

- damping o f  acous t i c  c a v i t y  resonances 

- t y p i c a l  c a v i t y  dimensions: 0 .1  t o  0.2 m 

b) Tr im panel 

- mass law t ransmiss ion  
s low ly  p ropagat ing  bending waves - non-coinc ident  

coup l i ng  o f  acous t i c  c a v i t y  modes t o  
acous t i c  r a d i a t i o n  

t h e  cab in  acous t i c  modes 

- resonant  response o f  t r im 'pane l  
coup l i ng  t o  acous t i c  c a v i t y  modes 
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d) Flanking transmission path due to gaps in trim panel 
junctions and penetrations (e. g. : 1 ights, vents, etc. ) 

4. Trim Panel Isolation (Structureborne Path) 

L T r i m  Panel Isolation Mount 

Frame Member 

Figure 6. Typical Trim Panel Isolation 
Cross Section 

Acoustic radiation due to point excitation of trim panel at mount 
support (radiation from flexural near field) 

a) Radiated power (P) due to point excitation 151 

b) Trim panel point impedance (Z ) 

c) Trim panel mount point velocity 
P 

Related to mount impedance characteristics and support 
frame velocity 

Isolator Mount Impedance Matrix 
Frame77P/- panel 

Figure 7. Trim Panel Isolation Mount Nomenclature 
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Required i n p u t s  t o  t h e  model: 

d) Mount c h a r a c t e r i s t i c s  

impedance measurements 
low frequency simple s t i f f n e s s  model 
SEA model o f  mount a t  h igher  frequency 

e) F i n a l  r e s u l t  i s  i n  the  f o r m  o f  a coup l ing  l oss  f a c t o r  between 
t h e  frame ( o r  s k i n  panel )  subsystem, t o  which the  mount 
at taches, and the  cab in  acous t ic  subsystem. Power i s  
r a d i a t e d  by n e a r f i e l d  f l e x u r a l  v i b r a t i o n s  o f  t he  t r i m  panel .  

Advanced Treatment Approaches 

1. Gearbox I s o l a t i o n  Mounts 

a) Mount reduces power i n f l o w  t o  t h e  a i r f rame - (red-uced v e l o c i t y  a t  
attachment p o i n t  on t h e  a i r f rame)  

Mount 

.-\Airframe 

Figure  8. Main Gearbox/Airframe I s o l a t i o n  Schematic 

b) Impedance d e s c r i p t i o n  a t  attachment p o i n t  assuming uncor re la ted  
mot ions/forces i n  t h e  d i f f e r e n t  d i r e c t i o n s .  

- Gearbox v e l o c i t y  i n  t h e  i - t h  d i r e c t i o n  

- Ai r f rame v e l o c i t y  

- Mount impedance m a t r i x  

F igure 9. Main Gearbox/Airframe I s o l a t i o n  Mount Nomenclature 
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* 
R a t i o  of a i r f r a m e  v e l o c i t i e s  w i t h  mount, Va, t o  case w i t h  

Change i n  i n p u t  power i n t o  a i r f rame:  

Modeling o f  a t tached components 

no mount, Va 

pGwer i s  p r o p o r t i o n a l  to :  / V a l z  

- Airframe: a l ready  i n  SEA Model 

SEA d e s c r i p t i o n  o f  a i r f rame impedance 
Measured m o b i l i t y  on ac tua l  a i r f r a m e  

- Gearbox: n o t  c u r r e n t l y  modeled 

Measured m o b i l i t y  on a c t u a l  gearbox 
Fur ther  c o n s i d e r a t i o n  r e q u i r e d  i n  d e c i d i n g  approach 

- I s o l a t i o n  mount: 

Low frequency simple s t i f f n e s s  model 
Higher  frequency - SEA model o f  propagat ion resonances 

Measured impedances on a c t u a l  mount 
Transmission l i n e  modeling o f  mount impedances 

w i t h i n  mount 

2. Advanced Composite M a t e r i a l  Designs 

a) Composite panel sandwich c o n s t r u c t i o n  

F igure  10. Typ ica l  Composite Panel Sandwich 
Const ruc t ion  Cross Sect ion 
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b) Composite panel construct ions w i t h  constrained shear layers  

- Four l a y e r  construct ion 

Constrained Viscoelastic Shear 
Layer (Damping) 

Composite Honeycomb Core 

Composite Skin Panels 

Figure 11. Typical  Constrained Layer Damping 
Composite Panel Cross Sect ion 

- Five  l a y e r  construct ion 

Composite Honeycomb Core Layer 

Constrained Shear Layer 

\ 
\Composite Skin Panels 

F igure  12. Typical  Double Honeycomb Constrained Layer 
Damping Composite Panel Cross Sect ion 
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Introduction to Modeling Concepts 

The previous section described conventional and advanced noise control treat- 
ments applicable for use in helicopter airframes to reduce cabin noise. This 
section addresses the development of models of their behavior for inclusion 
within the overall SEA model of the S-76 airframe and cabin noise environment. 
The cabin noise control treatments fall within two general categories based on 
their primary intended effect: 1) those effecting the dissipation of vibratory 
and acoustic energy; and 2) those that alter the transmission of energy from 
the source to receiver, in this case from the gearbox to the bounding panel and 
frame surfaces which radiate into the cabin. 

Dissipative treatments include add-on free extensional (Figure 4) and con- 
strained layer (Figure 3) damping treatments on skin panels and frame webbing. 
Dissipative treatments within acoustic spaces include the surface absorption 
provided due to added fiberglass or open cell foam materials within the dif- 
ferent cavities (Figure 5) other than the cabin that, in part, are created by 
the addition of trim and ceiling panels. 

Transmission type treatments have the primary effect of reflecting energy back 
towards the source, with the intent of reducing the energy which reaches the 
receiving subsystems. An important consideration is whether source levels 
increase as a result of the treatments, thereby negating their effects. It is 
often important to incorporate additional damping at the source in order to 
minimize the tendency for increased source levels. 

The primary transmission type treatments for the helicopter cabin are the side 
and ceiling trim panels that cover the structural skin panel and frame surfaces 
(Figure 5). Acoustically, their overall effect i s  to reduce the radiation into 
the cabin due to panel and frame vibration (Figure 6). They define additional 
acoustic spaces that are coupled to the skin and trim panels and which are 
coupled directly to the cabin through non-resonant mass controlled response of 
the trim panels. While not a treatment, per se, the presence of leaks or gaps 
in the trim panel coverage must be accounted for in describing the coupling 
across the trim panel between the cavity and the cabin. 

The isolation mounts, shown schematically in Figure 6, used to suspend the trim 
panels are transmission type treatments that affect the direct coupling of skin 
panel or frame vibratory energy into the trim panels. Isolation mounts at the 
gearbox attachment to the airframe (Figure 8) are a potentially important 
application of a transmission treatment directly affecting the dominant source 
of power flow into the airframe. Other types of treatment, including the 
dissipation treatments, affect individual connections or response levels often 
in parallel with many other paths having comparable contributions, so that 
significant reductions in cabin noise levels will require extensive application 
of such treatments. 
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D i s s i p a t i v e  type  t reatments can a1 so a f f e c t  t h e  propagat ion behavior i n  t h e  
subsystems t o  which they are appl ied.  Added panel damping treatments w i l l  
e f f e c t  t he  bending r i g i d i t y  and sur face mass o f  t h e  panel. F iberg lass  and foam 
treatments w i t h i n  t h e  acous t ic  c a v i t i e s  c rea ted  by the  t r i m  panels p rov ide  
d i s s i p a t i o n  and i n  a d d i t i o n  a l t e r  t h e  propagat ion c h a r a c t e r i s t i c s  i n  t h e  a i r  
w i t h i n  t h e  c a v i t y  due t o  the  po ros i t y ,  thermal capac i ty  and f l o w  r e s i s t i v i t y  o f  
t h e  f i  11 ma te r ia l .  

Noise c o n t r o l  t reatments p o t e n t i a l l y  e f f e c t  a l l  o f  t h e  parameters o f  an SEA 
model o f  t h e  cabin no ise environment. Treated subsystems w i l l  have a l t e r e d  
damping l e v e l s ,  mode d e n s i t i e s  and a l s o  coup l ing  l o s s  f a c t o r s  t o  o the r  sub- 
systems due t o  t h e  e f f e c t s  o f  t h e  t reatments on propagat ion c h a r a c t e r i s t i c s .  
I n  add i t i on ,  mod i f i ca t i ons  t o  t h e  e x i s t i n g  S-76 SEA model need t o  i nc lude  t h e  
a d d i t i o n a l  subsystems associated w i t h  p a r t i c u l a r  t reatments.  Table 1 summar- 
i zes  t h e  s p e c i f i c  i tems t o  be discussed i n  t h i s  sect ion.  
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Table 1. Noise Control Treatments: Extensions to the SEA Model o f  the S-76 

1. Dissipative Type Treatments 

1.1 Free extensional damping 1 ayers 

1.2 Constrained layer damping 

1.3 Acoustic absorption 

2. Transmission Type Treatments 

2 .1  Trim panels 

Resonant response 

Mass law response 

2.2 Trim panel acoustic cavities 

Resonant acoustic modes 

Cavity absorption 

Gaps or holes 

2.3 Trim panel isolation mounts 

2.4 Gearbox isolation mounts 
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Dissipative Type Treatments 

Free extensional damping layers. - The addition of viscoelastic layers t o  panel 
surfaces increases the overall damping level as a resu l t  of flexural and 
extensional deformation i n  the added -layers. The amount of damping increase i s  
dependent on the relat ive energy storage w i t h i n  the viscoelastic material and 
base panel d u r i n g  bending. The greater the relat ive energy storage w i t h i n  the 
viscoelastic material, the greater will be the increase i n  overall loss factor.  
In addition t o  the material loss factor of the viscoelastic material, the 
s t i f fness  properties and thicknesses of b o t h  layers are important in scaling 
the effectiveness of the damping treatment. 

The SEA model of a panel subsystem re l i e s  on a description of bending wave 
propagation character is t ics  i n  order t o  determine coupling loss factors between 
the panel and adjacent frames and panels, and also t o  adjacent acoustic spaces 
as a resu l t  of panel radiation. Bending propagation behavior a1 so determines 
the mode density of the panel. Panel damping loss factors are  important, 
expl ic i t  parameters i n  the model. The added viscoelastic layer potentially 
e f fec ts  the SEA model i n  each of these areas. 

The evaluation of bending r ig id i ty  of the composite, Figure 4 ,  presumes tha t  
cross-sections remain plane during deformation. The neutral axis for  bending 
is shifted as a result of flexural and extensional stiffness of the visco-  
e l a s t i c  layer: 

- 1 Eb - Ev tt 
tn  - z tb + t V  

where E b ,  tb and E v ,  tV are the e l a s t i c  modulus and thickness of the base panel 
and viscoelastic treatment, respectively. The overall bending r ig id i ty ,  Bc,  
i s  as follows: 

where tn is  the distance between the viscoelastic 1 ayer/base panel interface 
and the neutral axis of the combined composite structure.  The surface mass of 
the treatment must also be accounted for  i n  determining the bending wave speed: 
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and 

BC 
Cb = f i  

C 
(4) 

where Mc i s  t h e  sur face  mass p e r  u n i t  area and Cb t h e  bending wave speed o f  t h e  
panel. 

The express ion f o r  t h e  l o s s  f a c t o r  o f  t h e  composite i s  taken from work by Ungar 
and Ross [3].  

where 

B V  

rb = tb/12, rv = tv /12  

The deoendence o f  t h e  comDosite 

l o s s  f a c t o r  o f  v i s c o e l a s t i c  m a t e r i a l  

r a t i o  o f  ex tens iona l  s t i f f n e s s e s  

r a d i i  o f  g y r a t i o n  o f  base panel ,  
v i s c o e l a s t i c  l a y e r  

d is tance between v e r t i c a l  p lanes o f  
t h e  l a y e r s  

l o s s  f a c t o r  on r e l a t i v e  th icknesses and s t i f f -  
nesses' i s  i l l u s t r a t e d  i n '  F igure  13 [4].  I nc reas ing  th ickness  o r  s t i f f n e s s  
modulus o f  t h e  v i s c o e l a s t i c  m a t e r i a l  r e l a t i v e  t o  t h e  va lue f o r  t h e  base panel 
increases t h e  energy s torage w i t h i n  i t  r e s u l t i n g  i n  a g rea te r  l o s s  f a c t o r  f o r  
t h e  composite. 
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Relative Thickness of Damping Layer, H, - H,IH, 

Figure 13. Loss Factor f o r  Free Extensional Damping Treatment. 
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The above description does not include the effects of temperature and frequency 
on the material properties of the viscoelastic material layer. If material 
loss factor and modulus are known for individual frequencies and temperatures, 
the above analytic expressions can be used to estimate propagation and damping 
behavior for the composite. 

Material property data can be obtained to varying degrees of completeness from 
the manufacturers and suppliers of viscoelastic material layers for damping 
purposes. Empirical damping loss factor data for specific treated panels may 
also be available from the manufacturers. Damping measurements on actual 
sample panels is an alternative source of loss factor data for input to the SEA 
subsystem model. 

Empirical data characterizing propagation behavior is relatively rare so that 
the above expressions would be needed to determine bending wave speed. The 
principle effect of the treatment is often due to the mass it adds to the base 
panel as stiffness moduli of typical viscoelastic materials are relatively 
small compared to those for base materials and do not significantly increase 
the bending rigidity. Also, the required composite damping level, while 
significantly greater than for the base panel material, is not typically on the 
order of that for the viscoelastic material but at least a factor of ten less. 
Treatments requiring larger composite loss factors often involve composite 
constructions with constraining layers or internal shear layers where the 
design focus is to induce more strongly damped shear deformation in the con- 
strained shear layer, as will be discussed in the next section. 

Constrained 1 ayer damping. - Constraining 1 ayers are used i n conjunction with 
lossy viscoelastic material layers, as shown in Figure 3 ,  to induce greater 
shear deformation, thereby taking advantage o f  the inherently larger damping of 
such materials in shear. The relative proportion of potential energy stored in 
shear deformation of the constrained layer is again important in determining 
the effective damping level of the composite. The degree of shear deformation 
that occurs is dependent on the curvature or wavelength of the panel bending 
de f ormat i on. 

At very long bending wavelengths little shear deformation occurs within the 
constrained layer resulting in reduced composite loss factor. The energy 
associated with shear deformation for very short wavelengths decreases relative 
to the energy in bending of the base panel, also resulting in a loss of effec- 
tive damping. Constrained layer treatments exhibit a broadly defined optimum 
effective loss factor, as a function o f  frequency, related to the wavelength 
for bending wave propagation in the composite panel. 

The analysis of constrained layer damping treatments is also adapted from the 
work of Ungar and Ross [3] and which is described in Reference [4]. The 
composite panel loss factor is given by: 
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- ‘12 yx 
2 2  

- 
‘lc 

1 + (2+Y)X + ( l + Y )  (1+P2)X 

where Y i s  a s t i f f n e s s  parameter g i ven  by: 

1 E t3 
3 

E l t l + 3 3  1 L[ (- + -13 
Y 12 til E3t3 

(7) 

and El, E3, and tl, t3 are  t h e  e l a s t i c  moduli  and thicknesses o f  t h e  base panel 

and t h e  c o n s t r a i n i n g  l a y e r ,  and t31 i s  t h e  d i s tance  between n e u t r a l  p lanes o f  
these i n d i v i d u a l  layers.  The q u a n t i t y  X i s  r e f e r r e d  t o  as t h e  shear parameter 
de f i ned  as: 

where G2 and t2 a r e  t h e  storage modulus i n  shear and th ickness o f  t h e  v isco-  

e l a s t i c  cons t ra ined  l a y e r .  The wavenumber f o r  bending wave propagat ion i n  t h e  
composite, k, i s  g i ven  by: 

where cb i s  t h e  bending wavespeed: 

pc i s  t h e  sur face mass d e n s i t y  o f  t h e  composite: 

P C  = P l t 2  + $5 + P3t3 
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and B i s  i t s '  bending r ig id i ty ,  equal t o  the real par t  of the complex bending 
r ig id i ty ,  B*, which i s  given by: 

* 

the complex shear parameter X* equals 

B1 and B3 are  the bending r ig id i t i e s  of the base panel and constraining layer, 
respectively. 

The process of determining the effect ive loss factor requires an i t e r a t ive  
approach t o  evaluating the shear parameter. The shear parameter depends on the 
bending wavenumber, k ,  which a t  a par t icular  frequency, depends on the bending 
r ig id i ty  of the composite panel. I terat ion i s  required because the bending 
r ig id i ty  depends on the shear parameter whose value we are  seeking. A useful 
s ta r t ing  p o i n t  for  the i te ra t ion  i s  t o  assume a long wavelength l imit  char- 
acterized by r igid shear coupling between the base panel and constraining 
layer. T h i s  y ie lds  an i n i t i a l  value for  the bending r ig id i ty  of: 

B '  = (B1+B3)(1+Y) (13) 

which i s  then used t o  determine a value for  k and subsequently, X. Using t h i s  
value of X determine B* and compare i t s  real par t  w i t h  B. If  i t  i s  close i n  
value the i te ra t ion  i s  complete, otherwise continue using the real par t  t o  
determine a new value for  k,  etc.  

As was the case f o r  f ree  extensional damping treatments, the e f fec ts  of a 
constrained layer treatment on both the damping level and bending wave propa- 
gation are  required for  the SEA model o f  the treated panel subsystem. 

Acoustic absorption (cabin). - T h i s  treatment refers  t o  materials tha t  are 
added t o  an acoustic space which resu l t  i n  the dissipation of acoustic energy 
w i t h i n  the space. The treatments include both materials placed against a 
bounding surface of the space, such as f loor  or wall carpeting and overhead 
panels, and also materials t ha t  behave as space absorbers. The l a t t e r  refers  
primarily t o  porous sea t  upholstery which acoustically i s  characterized by i t s  
flow resistance. Porous materials within the cavi t ies  defined by trim panels 
are discussed in the section dealing with transmission treatments i n  t ha t  they 
occupy a larger volume fraction with potentially s ignif icant  e f fec t  on acoustic 
propagation within the cavity. 
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Absorbing sur face t reatments a re  most s t r a i g h t f o r w a r d l y  accounted f o r  us ing  
standard approaches from room acoust ics .  The loss f a c t o r  f o r  acous t ic  reso- 
nances w i t h i n  a space i s  r e l a t e d  t o  t h e  absorp t ion  o f  energy a t  t h e  w a l l  
surfaces according t o  t h e  f o l l o w i n g :  

c s  - 
q = 8 n V f a !  (14) 

where 
C - sound speed 

S - t o t a l  w a l l  sur face area 

V - volume o f  space 

f - frequency, Hz 

and 6 i s  t h e  area weighted average absorp t ion  c o e f f i c i e n t  f o r  a l l  bounding 
surfaces o f  t h e  space de f ined by: 

- 1  a = - I .  s. a! S i i i  

where Si, a! a re  t h e  i n d i v i d u a l  w a l l  sur face areas and corresponding absorp t ion  

c o e f f i c i e n t s .  
i 

The absorp t ion  c o e f f i c i e n t s ,  a!., should account f o r  t h e  energy d i s s i p a t e d  upon 
r e f l e c t i o n  from t h e  sur face aAd n o t  i n c l u d e  t h e  t r a n s m i t t e d  energy which i s  
accounted f o r  i n  t h e  SEA model i n  c o u p l i n g  t o  resonant panel response o r  d i r e c t  
coup l ing  t o  ad jac?nt  spaces through non-resonant response o f  i n t e r v i e w i n g  
panels,  o r  holes.  When t ransmiss ion of t h i s  type  i s  n o t  o therwise accounted 
f o r  w i t h i n  t h e  SEA model then i t  should be inc luded i n  ai i n  a d d i t i o n  t o  t h e  
d i s s i p a t i o n  a t  t h a t  surface. 

The most common source o f  absorp t ion  data i s  r e v e r b e r a t i o n  t ime measurements 
where t h e  decay o f  acous t ic  pressure l e v e l s  i s  recorded when t h e  sound source 
i s  a b r u p t l y  tu rned of f .  The r e v e r b e r a t i o n  t ime, TR, t h e  e x t r a p o l a t e d  t ime re -  
q u i r e d  f o r  t h e  pressure l e v e l s  t o  decay 60 dB, i s  r e l a t e d  t o  t h e  average ab- 
s o r p t i o n  c o e f f i c i e n t  accord ing t o  t h e  Sabine equat ion:  

- 60V 
TR 1.086 cSG 

- 
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Reverberat ion t ime  measurements a re  u t i l i z e d  t o  determine E which then g i ves  q 
according t o  Equat ion (14). The l o s s  f a c t o r  f o r  t he  t r e a t e d  cab in  con f igu ra -  
t i o n  may be d i r e c t l y  est imated from r e v e r b e r a t i o n  t ime data, i f  a v a i l a b l e ,  
accord ing t o  t h e  

2.2 
q = -  

oTR 

I f  t r e a t e d  space 

abso rp t i on  c o e f f  

f o l  1 owi ng: 

da ta  i s  unava i l ab le  then an independent 

c i e n t  o f  t h e  t reatment,  aa, i s  r e q u i r e d  a 

(17) 

e v a l u a t i o n  f o r  t h e  

ong w i t h  Equations 

(14) and (15). Presuming a l s o  t h a t  i n f o r m a t i o n  e x i s t s  f o r  Gut, t h e  average 

abso rp t i on  c o e f f i c i e n t  i n  t h e  un t rea ted  case, then at i n  t h e  t r e a t e d  case i s  

based on aa and t h e  t r e a t e d  area, St, according t o  t h e  f o l l o w i n g :  

Absorpt ion c o e f f i c i e n t  da ta  i s  g e n e r a l l y  obta ined from reve rbe ran t  room mea- 
surements i n  s p e c i a l l y  designed t e s t  chambers. Representat ive da ta  f o r  two 
ca rpe t  m a t e r i a l s  a re  shown i n  F igures 14 and 15. The t e s t  m a t e r i a l s  a re  p laced 
on an a c o u s t i c a l l y  r i g i d  f l o o r  i n  t h e  chamber. It i s  presumed t h a t  e f f e c t s  due 
t o  p o t e n t i a l  d i f f e r e n c e s  i n  backing impedance between t h e  reve rbe ran t  room 
measurements and t h e  ac tua l  cab in  i n s t a l l a t i o n  can be neglected i n  t h e  above 
e v a l u a t i o n  f o r  it. 

While p r i m a r i l y  in tended f o r  o t h e r  func t i ons ,  porous s e a t i n g  upho ls te ry  i s  a l s o  
a source o f  acous t i c  d i s s i p a t i o n  i n  t h e  cabin. Sound waves impinging on t h e  
r e l a t i v e l y  t h i n  porous m a t e r i a l  l a y e r s  w i l l  undergo d i s s i p a t i o n  w i t h i n  t h e  
pores o f  t h e  m a t e r i a l .  Depending on t h e  c o n f i g u r a t i o n  o f  t h e  sea t ing  bo th  
faces o r  s ides o f  t h e  m a t e r i a l  may be access ib le  t o  sound waves i n  t h e  cabin. 

The model ing o f  a f r e e  s tanding porous absorbing l a y e r  accounts f o r  t h e  f l o w  
res i s tance ,  p o r o s i t y  and mass p e r  u n i t  area o f  t h e  m a t e r i a l .  As sound propa- 
gates through t h e  m a t e r i a l  , viscous d i s s i p a t i o n  occurs as a r e s u l t  o f  t h e  
mot ion o f  t h e  a i r  p a r t i c l e s  r e l a t i v e  t o  t h e  f i b e r s  making up t h e  m a t e r i a l .  The 
viscous fo rces  t h a t  a r e  generated by t h e  r e l a t i v e  mot ion tend  t o  acce le ra te  t h e  
f i b e r s  a long  w i t h  t h e  a i r  p a r t i c l e s .  The f i b e r  mot ion i s  i n h i b i t e d  by i t s  mass 
reactance, presuming a l imp s t r u c t u r e .  A t  lower f requencies t h e  mass reactance 
may be i n s u f f i c i e n t  t o  p r o h i b i t  f i b e r  mot ion r e s u l t i n g  i n  a l o s s  o f  r e l a t i v e  
mot ion between f i b e r  and a i r ,  and an associated r e d u c t i o n  i n  abso rp t i on  pro- 
vided. 
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Figure 14. Carpet Absorption. 
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Figure 15. Carpet and Pad Absorption. 
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The absorption coefficient is given by the following expression: 

IZa + ZmlL 

a L 

where: 

- flow resistance o f  material 
- 

Rm 

Mf surface mass per unit area 

ta is an acoustic radiation impedance including the air on both sides of the 
layer, and 

is the acoustic impedance of the material. It is the parallel combination of 
surface mass reactance and flow resistance. To characterize the absorption 
occurring in a diffuse or reverberant acoustic environment,an average over 0 ,  
the angle of incidence of the plane wave, is required to use the expression for 
CY. 

The loss of absorption at low frequencies or for very light layers is readily 
identified in the above expressions. When the surface mass reactance i s  small 
compared to the flow resistance, i.e., when 

<< 1 I - 
Rm 
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then 01 i s  a l s o  sma 
Zm approaches Rm i n  

Rm 2 -  

1. 
value, and: 

A t  h ighe r  f requencies o r  f o r  heavier  absorb 

A t  normal inc idence,  Za = 2pc and 

ng b lanke ts  

which e x h i b i t s  a maximum value f o r  01 equal t o  .5  when Rm =2pc. 

The e f f e c t s  o f  f r e e  s tanding absorbing l a y e r s  on t h e  acous t i c  l o s s  f a c t o r  o f  
t h e  cab in  a re  accounted f o r  according t o  t h e  p r e v i o u s l y  descr ibed approach 
based on t h e  above expression f o r  CY. Where sound waves i n  the  cab in  impinge on 
t h e  m a t e r i a l  from bo th  s ides the  approp r ia te  area i s  t w i c e  t h e  area o f  t h e  
m a t e r i a l .  Reverberat ion t ime measurements i n  the  cab in  w i t h  such m a t e r i a l s  i n  
p lace  p rov ide  a d i r e c t  measure o f  t h e i r  e f f e c t .  

Transmission Type Treatments 

T r i m  panel acous t i c  c a v i t i e s .  - The a d d i t i o n  o f  t r i m  panel t reatments creates 
acous t i c  c a v i t i e s  between t h e  t r i m  and s k i n  panels, which a re  segmented by 
frame members. Add i t iona l  acous t ic  subsystems are  s t r a i g h t f o r w a r d l y  i nc luded  
w i t h i n  t h e  SEA model t o  descr ibe t h e  acous t i c  l e v e l s  w i t h i n  these spaces. A t  
lower f requencies t h e  th ickness dimension o f  t h e  c a v i t i e s  becomes small  com- 
pared t o  an acous t i c  wavelength and t h e  resonances a re  those o f  f l a t  two 
dimensional acous t i c  spaces. 

The acous t i c  c a v i t i e s  a re  coupled t o  t h e  frame, o u t e r  sk in ,  and t r i m  panel 
s t r u c t u r e s  t h a t  form t h e  bounding surfaces. There i s  a d i r e c t  coup l i ng  between 
adjacent  c a v i t i e s  through holes i n  i n t e r v e n i n g  frames and non-resonant mass 
c o n t r o l l e d  response o f  t h e  frame webs. The c a v i t i e s  a l s o  couple d i r e c t l y  i n t o  
t h e  cab in  through non-resonant t r i m  panel response and as a r e s u l t  o f  gaps i n  
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t he  t r i m  panel t reatment.  A t  h ighe r  f requencies and f o r  t h e  l a r g e r  c a v i t i e s  i n  
t h e  cab in  overhead, a t r a n s i t i o n  occurs t o  t h r e e  dimensional acous t i c  spaces 
f o r  which a l l  o f  t he  above coup l i ng  types a r e  descr ibed i n  t h e  c u r r e n t  SEA 
model. 

2-0 acous t i c  modes. - A t  low frequencies,  t h e  two dimensional nature o f  t h e  
acous t i c  f i e l d  i n  c a v i t i e s  created by t r i m  panels e f f e c t s  the  eva lua t i on  o f  t h e  
mode dens i t y .  The mode d e n s i t y  f o r  a f l a t  t h i n  space, where S i s  t h e  sur face 
area and P i s  t h e  per imeter  around t h a t  area, becomes: 

P sw + - 
2nc0 2nc; n (tu) = - 

This  expression i s  v a l i d  when t h e  th ickness dimension i s  l e s s  than one-hal f  t h e  
acous t i c  wavelength. 

E f f e c t  o f  c a v i t y  abso rp t i on  t reatments.  - Acoust ic  t reatments i n  t h e  form o f  
f i b e r g l a s s  o r  open c e l l  foam m a t e r i a l s  a re  o f t e n  added t o  c o n t r o l  no ise l e v e l s  
i n  c a v i t i e s .  I n  such cases t h e  volume may be s u b s t a n t i a l l y  f i l l e d  w i t h  t h e  
abso rp t i ve  m a t e r i a l .  I t s  e f f e c t  i s  more than t h e  abso rp t i on  due t o  a s imple 
s u r f a c e  t reatment,  and must be assessed i n  te rms o f  i t s  a f f e c t  on acous t i c  
propagat ion w i t h i n  t h e  space. A1 though sound propagat ion i n  porous m a t e r i a l  s 
has been s t u d i e d  e x t e n s i v e l y  by numerous i n v e s t i g a t o r s ,  a p r a c t i c a l  engineer ing 
d e s c r i p t i o n  o f  t h e  cab in  no ise environment f o r  use w i t h i n  t h e  SEA model i s  
desired. The f o l l o w i n g  approach i s  based on t h e  d i scuss ion  g i ven  i n  Reference 
[4] and accounts f o r  t h e  thermal capac i t y ,  p o r o s i t y ,  and f l o w  r e s i s t i v i t y  o f  
t h e  m a t e r i a l  i n  e v a l u a t i n g  a complex propagat ion constant.  

The f l o w  r e s i s t i v i t y  o f  common porous m a t e r i a l s  i s  dependent on t h e  cross 
dimension o f  t h e  f i l a m e n t s  o r  f i b e r s  and t h e  b u l k  d e n s i t y  o f  t h e  m a t e r i a l ,  a 
d e s c r i p t i o n  o f  t h e  f i b e r  content.  Th is  dependence i s  shown f o r  common glass- 
f i b e r  m a t e r i a l s  i n  F igu re  16. The r e l a t i o n s h i p  i s  descr ibed by t h e  f o l l o w i n g  
a l g e b r a i c  expression: 

3 1.531d2 
f r = 3 . 1 8 ~ 1 0  pb 

where r i s  t h e  f l o w  r e s i s t i v i t y  i n  mks r a y l d m ,  pb i s  t h e  d e n s i t y  o f  t h e  b u l k  

m a t e r i a l  i n  kg/m3, and df i s  t h e  f i b e r  diameter i n  microns (lO-%n). The b u l k  

dens i t y  i s  r e l a t e d  t o  t h e  d e n s i t y  o f  t h e  m a t e r i a l  making up t h e  f i b e r s ,  p f ,  and 
the  p o r o s i t y  o f  t h e  b u l k  m a t e r i a l ,  ho, accord ing t o :  
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3 Density, kglm 

F igu re  16. Flow R e s i s t i v i t y  of Glass F i b e r  Products. 
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Thermal conduct ion between t h e  a i r  and t h e  s o l i d  m a t e r i a l  can s i g n i f i c a n t l y  
i n f l u e n c e  t h e  compression o f  t h e  a i r  as sound propagates through the  m a t e r i a l .  
A t  s u f f i c i e n t l y  l o w  frequency t h e  sound propagat ion occurs i s o t h e r m a l l y  as heat 
t r a n s f e r  t o  and from t h e  s o l i d  compensates f o r  t h e  temperature r i s e  and f a l l  
which would otherwise occur d u r i n g  compression and r a r e f a c t i o n  o f  t h e  a i r .  A t  
h i g h  frequency t h e  f l u c t u a t i o n  occurs t o o  r a p i d l y  f o r  heat t r a n s f e r  t o  have a 
s i g n i f i c a n t  e f f e c t  and t h e  process i s  a d i a b a t i c .  

The gas c o m p r e s s i b i l i t y  r e l a t e s  pressure and volume changes according t o  t h e  
f o l l o w i n g  expression: 

where K i s  t h e  c o m p r e s s i b i l i t y  o f  t h e  a i r  and K' t h e  c o m p r e s s i b i l i t y  o f  t h e  
porous m a t e r i a l .  K '  accounts f o r  t h e  reduced volume o f  a i r  a v a i l a b l e  t o  be 
compressed as a r e s u l t  o f  t h e  presence o f  t h e  m a t e r i a l .  The volume, V, and 
associated volume change, dV, r e f e r  t o  t h e  b u l k  porous ma te r ia l .  The s o l i d  
p o r t i o n  o f  t h e  m a t e r i a l  i s  assumed t o  be v o l u m e t r i c a l l y  incompressible i n  com- 
p a r i s o n  w i t h  t h e  a i r .  The v a r i a t i o n  o f  K w i t h  frequency due t o  thermal e f f e c t s  
i s  shown i n  F igure  17. 

Flow r e s i s t i v i t y  d i r e c t l y  a f f e c t s  t h e  propagat ion by i n t r o d u c i n g  d i s s i p a t i o n  
due t o  v iscous losses. I t s  e f f e c t s  a re  conven ien t l y  accounted f o r  i n  terms o f  
a complex dens i t y ,  p*,  f o r  propagat ion w i t h i n  t h e  porous m a t e r i a l :  

* i 1.2 r 

where p i s  t h e  d e n s i t y  o f  a i r  and 

1.2 r 2 
fl = 1 + (- 1 WJ 

and 

Pm 1.2 r 2 f2  = 1 + (ho + -1 (- 
P Pm" 
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Figure 17. Compressibility of Air Within a Porous Material. 
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F o r  m a t e r i a l s  w i t h  r i g i d  frames: 

f = f  = 1  1 2  

The expressions, when a p p l i e d  t o  s o f t  o r  s e m i - r i g i d  m a t e r i a l s ,  show an increase 
i n  e f f e c t i v e  a i r  mass, i . e . ,  t h e  r e a l  p a r t  o f  t h e  complex dens i t y ,  which i s  
dependent on f l o w  r e s i s t i v i t y .  The e f f e c t i v e  mass i s  t h a t  o f  t h e  a i r  a lone f o r  
low f l o w  r e s i s t i v i t y .  As f l o w  r e s i s t i v i t y  increases the  viscous forces accele- 
r a t e  t h e  mass o f  t h e  frame m a t e r i a l  a long w i t h  t h e  mass o f  t h e  a i r  p a r t i c l e s  
r e s u l t i n g  i n  an increase i n  e f f e c t i v e  a i r  mass. 

- i w t  A complex propagat ion constant  o r  wavenumber f o r  t h e  porous m a t e r i a l ,  f o r  e 
t ime dependence, i s  de f i ned  by: 

where 

I n  terms o f  r e a l  and imaginary components: 

where cm, Am a re  sound phase speed and wavelength i n  t h e  porous m a t e r i a l ,  and d 

i s  t h e  a t t e n u a t i o n  constant  i n  nepers/m. 

The a t t e n u a t i o n  constant ,  d, can then be r e l a t e d  t o  t h e  l o s s  f a c t o r  f o r  acous- 
t i c  resonances w i th in  t h e  porous m a t e r i a l  f i l l e d  c a v i t y  by mod i f y ing  t h e  t o t a l  
sabine abso rp t i on  t o  account f o r  propagat ion l o s s  i n  a d d i t i o n  t o  w a l l  absorp- 
t i o n :  

Combining Equation (36) w i t h  Equat ion (14), r e p l a c i n g  Sa i n  Equat ion (14) w i t h  
(SCr) from Equation (36), gives t h e  des i red  l o s s  f a c t o r .  t 



A l t e r n a t i v e l y ,  t h e  component o f  l o s s  f a c t o r  assoc iated w i t h  propagat ion losses 
can be obta ined d i r e c t l y  from t h e  complex propagat ion constant  by recogn iz ing  
t h a t  t h e  complex phase speed i s  r e l a t e d  t o  t h e  l o s s  f a c t o r  accord ing to :  

and t h a t  

by comparison w i t h  Equation (35), i t  can be seen t h a t ,  

*‘m 
‘7=, (39) 

The l o s s  f a c t o r ,  g i ven  by Equation (39) , associated w i t h  propagat ion at tenua- 
t i o n  i s  added t o  t h e  value f o r  q corresponding t o  w a l l  abso rp t i on  t o  account 
f o r  b o t h  d i s s i p a t i o n  mechanisms. This  approach i s  p r e f e r r e d  t o  t h a t  i n d i c a t e d  
by Equation (36) i n  t h a t  i t  does n o t  depend on d e t a i l s  as t o  whether t h e  c a v i t y  
i s  a two dimensional o r  t h r e e  dimensional acous t i c  space. Equation (36) i s  
based on a t h r e e  dimensional d i f f u s e  f i e l d  rep resen ta t i on  o f  t h e  acous t i c  
space. 

T r i m  panel i s o l a t i o n  mounts. - T r i m  panel mounts are impor tant  t o  t h e  SEA model 
i n  t h a t  t hey  a re  a p o t e n t i a l  f l a n k i n g  t ransmiss ion p a t h  t o  t h e  a i r b o r n e  t rans -  
miss ion l o s s  p rov ided  by t h e  t r i m  panels themselves. They c o n s t i t u t e  a f l a n k -  
i n g  t ransmiss ion p a t h  i n  two respects ,  f i r s t l y  power f l o w  through t h e  mount 
t ransmi t s  i n t o  resonant mot ion o f  t h e  t r i m  panels w i t h  subsequent r a d i a t i o n  
i n t o  t h e  cabin.  Secondly, t h e  p o i n t  attachment o f  t h e  mount t o  t h e  t r i m  panel 
generates a f l e x u r a l  near f i e l d  t h a t  r a d i a t e s  d i r e c t l y  i n t o  t h e  cabin.  This  
s e c t i o n  descr ibes t h e  modeling o f  t h e  mount dynamic behavior and c a l c u l a t i o n  o f  
coupling loss f ac to rs  f o r  bo th  mechanisms. 

Commonly, mounts a t t a c h  t o  frame members making up t h e  cab in  a i r f r a m e  s t r u c t u r e  
as shown schemat ica l ly  i n  F igu re  6. The des i red  coup l i ng  l o s s  f a c t o r s  a re  be- 
tween t h e  frame and t r i m  panel subsystems i n  one case and d i r e c t l y  between the  
frame and cab in  acous t i c  subsystems f o r  t h e  mechanism i n v o l v i n g  r a d i a t i o n  from 
t h e  f l e x u r a l  n e a r f i e l d .  Coupl ing l o s s  f a c t o r s  a re  evaluated f o r  out -of -p lane 
mot ion o f  t h e  frame and compressional mot ion through the  mount. 

The acous t i c  power r a d i a t e d  by t h e  f l e x u r a l  n e a r f i e l d  o f  a p o i n t  e x c i t e d  p l a t e  
i s  g i ven  by t h e  f o l l o w i n g  [4]: 
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Where: Ac - bending wavelength o f  t r i m  panel a t  coincidence 
frequency 

N 

V$ - mean square v e l o c i t y  o f  t h e  t r i m  panel a t  t h e  p o i n t  
where i t  at taches t o  t h e  frame through t h e  i s o l a t i o n  
mount. 

The t r i m  panel v e l o c i t y  i s  r e l a t e d  t o  t h e  mean square 
t h e  mount attachment, V 2 ,  by t h e  f o l l o w i n g  expression which depends on imped- 
ances c h a r a c t e r i z i n g  t h 8  dynamic behavior o f  t h e  mount and t h e  t r i m  panel: 

v e l o c i t y  o f  t h e  frame a t  

where Z i s  t h e  p o i n t  impedance o f  t h e  t r i m  panel: 
P 

zP = % 
where D M are  t h e  f l e x u r a l  r i g i d i t y  and sur face mass d e n s i t y  o f  t h e  t r i m  

panel and Z12, 

P ’  P 

ZZ2 a re  t r a n s f e r  and i n p u t  impedances f o r  t he  mount. 

zll -z12 vO FO 

F1 z12 -z22 v1 
- - 

When t h e  mount i s  modeled as a s imple s p r i n g  s t i f f n e s s ,  these impedances 
become: 

(43) 

The mount behaves as a s imple s p r i n g  s t i f f n e s s  u n t i l  h i g h  f requencies r e l a t i v e  
t o  i t s  dimensions where wave propagat ion and resonance e f f e c t s  occur w i t h i n  t h e  
mount. 
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The coup l i ng  l o s s  f a c t o r  between frame out-of -p lane mot ion and t h e  cab in  
acous t i c  space i s  obta ined by combining Equations (40) and (41) w i t h  t h e  
a d d i t i o n a l  r e l a t i o n  t h a t :  

E f  = Mf g2 0 (45 1 

where Mf i s  t h e  t o t a l  mass o f  t h e  frame subsystem, t o  then obta in :  

- 
%ad - wqf ,aEf 

1 212 1 l 2  - ‘If,a w n3 1Zp+Z22 Mf 
- - - -  (47) 

The coup l i ng  l o s s  f a c t o r  between frame mot ion and resonant t r i m  panel mot ion 
descr ibes t h e  power i n p u t  t o  t h e  t r i m  panel as a r e s u l t  o f  frame motion. 

The t r i m  panel p o i n t  impedance i s  p u r e l y  r e s i s t i v e  ( i . e . ,  Z = R ) so t h a t :  
‘If,t’ 

P P 

= 1 R  I 
‘If,t w p R +Z 

P 12 
(49) 

For mount attachments t o  s k i n  panels t h e  coup l i ng  l o s s  f a c t o r  expressions i n  
Equations (47) and (49) a re  used where t h e  frame subsystem mass i s  rep laced by 
t h e  s k i n  panel mass. For mount attachments t o  bo th  frames and pane ls  the SEA 
mean square response v e l o c i t y  i s  presumed t o  adequately represent  t h e  v e l o c i t y  
a t  t h e  mount attachment l o c a t i o n .  The i s o l a t i o n  mount i s  presumed n o t  t o  
s i g n i f i c a n t l y  l oad  t h e  a i r f r a m e  s t r u c t u r e  t o  which i t  i s  at tached. 

I n t e r i o r  Con f igu ra t i ons  o f  t h e  S-76 A i r c r a f t  

General: As discussed e a r l i e r ,  t y p i c a l  convent ional  approaches f o r  no i se  
c o n t r o l  t h a t  we i n t e n d  t o  focus on are: 1) cab in  acous t i c  absorpt ion,  2) panel 
damping treatments,  3)  t r i m  panel and c a v i t y  absorpt ion,  and 4) t r i m  panel 
i s o l a t i o n  mounts. These concepts a re  i nco rpo ra ted  i n t o  the  S-76 a i r c r a f t  
i n t e r i o r  design t o  t h e  g r e a t e s t  degree by t h e  c o n s t r u c t i o n  and i n s t a l l a t i o n  o f  
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Photo 6 .  Typ ica l  U t i l i t y  I n t e r i o r  Seating. 
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I 

Pho-o 7. Typical  I t1  i ty I n t e r i o r  Sidewa 
A f t  Bench Seat. 

1 ,  Cei ing,  and 
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Photo 8. Typ ica l  Execut ive I n t e r i o r  w i t h  S o f t  V I P  Seats, 
Forward Cur ta ins,  Hard C e i l i n g  and Sidewal ls.  
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Photo 9. Executive Interior Aft Divan Section, Hard 
Surface Sidewall and Duct Covers. 
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Photo 11. Executive Interior with Short Credenza. 
Curtains Provide Forward View for 
Passengers. 

a 
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Photo 12  
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Execut ive I n t e r i o r  w i t h  S o f t  S idewal ls  and Duct 
Covers, Hard Center Cel ing.  



Photo 13. 

.ORIGINAL PAGE IS 
DE POOR QUALITY 

T o t a l l y  S o f t  Surface Executive I n t e r i o r  w i th  
High Back Seats and Ext ra  Thick Padded 
Headrest. 
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Photo 14. T o t a l l y  Hard Surface Execut ive I n t e r i o r ,  A f t  
Sec t i  on. 
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Photo 15. T o t a l l y  Hard Surface Executive I n t e r i o r  w i t h  
F u l l  Forward Bulkhead Containing S l i d i n g  
W i  ndows. 
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Photo 16. Execut ive I n t e r i o r  w i t h  S o f t  Surface F u l l  Forward 
Bulkhead Conta in ing S l i d i n g  Windows. 
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Photo 17. Executive A i r c r a f t  Cockp t Treatment. 
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t he  t r i m  panel system. The panel i s  b a s i c a l l y  an i s o l a t e d  mass b a r r i e r  w i t h  
abso rp t i ve  m a t e r i a l s  added. The abso rp t i ve  m a t e r i a l  i s  added t o  both s ides o f  
t h e  panel t o  face i n t o  bo th  t h e  cab in  and ou te r  c a v i t i e s .  Add i t i ona l  absorp- 
t i o n  i n  t h e  cab in  comes from m a t e r i a l  s e l e c t i o n  o f  t h e  seats and c a r p e t i n g  on 
t h e  deck. 

The bas i c  c o n s t r u c t i o n  o f  an I n t e r i o r  system as modeled i n  t h i s  r e p o r t  c o n s i s t s  
o f  t h r e e  overhead panels and f o u r  s ide  panels (two on each side).  The panels 
and seats are a l l  uphols tered w i t h  m a t e r i a l  bes t  s u i t e d  f o r  t h e i r  mission, i . e .  
d u r a b i l i t y  and ease o f  maintenance i n  t h e  U t i l i t y  type and v i s u a l l y  a e s t h e t i c  
p l u s  h i g h l y  no ise abso rp t i ve  f o r  t h e  q u i e t e r  Execut ive type. 

The overhead panels a re  i n s e r t e d  i n t o  H-channels (designated as Edge Panels i n  
t h e  model) which a re  supported from the  overhead frames again through i s o l a -  
t o r s .  The H-channels a l s o  support  on t h e i r  outboard s ide  t h e  overhead a i r  
c o n d i t i o n i n g  ducts. Overhead l i g h t i n g  and f u r t h e r  v e n t i l a t i o n  i s  b u i l t  i n t o  
these panels w i t h  loaded v i n y l  boots behind them t o  prevent  acous t i c  leakage. 

The a i r  c o n d i t i o n i n g  ducts supply a i r  from t h e  Environmental Contro l  U n i t  (ECU) 
l oca ted  i n  the  luggage compartment forward t o  t h e  cab in  and cockp i t .  The 
d u c t i n g  s p l i t s  a f t e r  go ing through t h e  r e a r  bulkhead and runs up across t h e  
overhead outboard o f  t h e  new overhead t r i m  panels. Vent ing o f  t h e  a i r  takes 
p lace  a long the  l e n g t h  o f  t h e  overhead duc t  and i s  then brought i n t o  t h e  
c o c k p i t  overhead and down the  s ides behind the  forward s ide  t r i m  panels.  
Return a i r  i s  drawn f r o m  t h e  j u n c t i o n  area o f  t he  c o c k p i t  and cabin. The ducts 
a re  supported by the  H-channels on one s i d e  and by i s o l a t o r s  at tached t o  the  
overhead frames on t h e  other .  The r e s t  o f  t he  i n t e r i o r  l a y o u t  c o n s i s t s  of  a 
wool r u g  cove r ing  a l l  deck space and uphols tered bench seats f o r  a sea t ing  
capac i t y  o f  up t o  15 persons. 

The s i d e  panels a re  at tached d i r e c t l y  t o  the  a i r f rame through i s o l a t o r s  ( f o u r  
f o r  t h e  r e a r  panels,  s i x  f o r  t h e  forward panels) .  B u i l t  i n t o  t h e  s i d e  panel i s  
an i n t e r i o r  window which i s  i s o l a t e d  from t h e  ou te r  window. This  creates a 
double pane e f f e c t  f o r  f u r t h e r  no ise a t tenua t ion .  

U t i l i t y  i n t e r i o r .  The S-76 U t i l i t y  a i r c r a f t  i s  intended t o  be a low c o s t  
a i r c r a f t  f o r  general t r a n s p o r t a t i o n  such as s h u t t l i n g  o f  crews t o  and from 
o f f - s h o r e  o i l  d r i l l i n g  p la t fo rms .  The i n t e r i o r s  a re  designed f o r  qu i ck  and 
e f f i c i e n t  removal and maximum payload capac i t y  (see Photos 2 ,  6 and 7, t y p i -  
c a l ) .  Therefore,  t h e  panels and treatments are o f  bas i c  c o n s t r u c t i o n  and 
l i g h t w e i g h t .  Accord ing ly ,  a t t e n u a t i o n  o f  no ise l e v e l s  i s  nominal, roughly  10 
t o  15 db down from bare a i r c r a f t  l e v e l s .  

The s t r u c t u r a l  member o f  t he  i n t e r i o r  panels used both f o r  t h e  overhead and 
down t h e  sides i s  made o f  1/4" ABS p l a s t i c  w i t h  a cover o f  1/4" foam and v i n y l  
t r i m  c l o t h .  The outboard s i d e  o f  t he  panels have an acous t i c  t reatment  o f  1/2" 
f i b r o u s  g lass b a t t i  ng (see F igure 5). 
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Execut ive ( V I P )  i n t e r i o r .  The Execut ive I n t e r i o r  i s  designed f o r  comfort o f  
t he  passengers. Person capac i t y  i s  l i m i t e d  t o  genera l l y  s i x  passengers. Seat- 
i n g  and i n t e r i o r  l a y o u t  i s  p l u s h  w i t h  many a m e n i t i e s  f o r  passenger comfort .  
Low noise l e v e l s  i n  t h i s  type o f  a i r c r a f t  i s  o f  m i m e  imDortance and accord- 
i n g l y  much a t t e n t i o n  t o  d e t a i l  t o  prevent  
l e v e l s  i n  an Execut ive I n t e r i o r  equipped c 
down from bare a i r c r a f t  l e v e l s .  

The i n t e r i o r  t r i m  panels a re  l a i d  o u t  as 
i n t e r i o r  l ayou t .  The t r i m  c l o t h  cover ing i s  
as v i s u a l l y  by us ing  f a b r i c  m a t e r i a l  (genera 
c h a r a c t e r i s t i c s .  Transmission l o s s  o f  t h e  
us ing  a 1 p s f  loaded v i n y l .  Leakage between 

acous t i c  leakage i s  made. Noise 
i r c r a f t  a re  g e n e r a l l y  25 t o  30 dB 

descr ibed above f o r  t h e  general 
improved bo th  a c o u s t i c a l l y  as w e l l  
l y  wool) which improves abso rp t i on  
acous t i c  t reatment  i s  improved by 
panels i s  prevented by over lapping 

t h e  loaded v i n y l  across panel j u n c t i o n s .  The acous t i c  spaces behind a l l -  trim 
panels i s  f i l l e d  w i t h  a f i b e r g l a s s  b a t t i n g  t o  improve abso rp t i on  i n  those 
c a v i t i e s .  Seats a re  made o f  t he  same t r i m  f a b r i c  w i t h  t h i c k  foam f o r  comfor t  
and increased cab in  absorpt ion.  

Advanced I n t e r i o r .  The i n t e n t  o f  t h e  Advanced I n t e r i o r  concept was t o  take t h e  
lessons learned from t h e  model about t h e  U t i l i t y  and Execut ive I n t e r i o r s  and 
apply  t reatment  improvements t o  t h e  model t h a t  cou ld  be again compared w i t h  
equ iva len t  t reatments on a phys i ca l  a i r c r a f t .  Hope fu l l y ,  t h e  t reatments i n  the  
a i r c r a f t  would show p o s i t i v e  r e s u l t s  s i m i l a r  t o  t h e  model p r e d i c t i o n  as a 
demonstrat ion o f  t h e  d iagnos t i c  c a p a b i l i t i e s  o f  t h i s  method and as f u r t h e r  
v a r i f i c a t i o n  o f  t h e  model. 

The improvements attempted i n  the  model incorporated:  1) increased damping due 
t o  a cons t ra ined  l a y e r  damping package a p p l i e d  on e i g h t  frames and f o u r  s k i n  
panels l oca ted  near the  two forward f o o t  attachments; 2) increased abso rp t i on  
i n  a v a i l a b l e  e x t e r i o r  c a v i t i e s  us ing  f i b r o u s  g lass m a t e r i a l ,  and 3) increased 
abso rp t i on  on o u t e r  m a t e r i a l  o f  t he  t r i m  panels due t o  improved abso rp t i on  
c a p a b i l i t y  o f  m a t e r i a l s  used. 

Sea Model o f  t h e  Treated I n t e r i o r  

The SEA model o f  t h e  bare i n t e r i o r  c o n s i s t s  of  130 SEA subsystems connected t o  
each o t h e r  a t  245 j u n c t i o n s  [Ref .  1,2] .  The subsystems i n c l u d e  frame sec t i ons ,  
s k i n  panels,  and acous t i c  spaces ( p r i n c i p a l l y  t h e  cabin).  The subsystems f o r  
t h e  t r e a t e d  i n t e r i o r  i n c l  ude those f o r  t he  bare a i r c r a f t  p l u s  a d d i t i o n a l  panel 
subsystems t h a t  make up t h e  t r i m  panel t reatments o f  t he  cab in  overhead and 
s idewa l l s ,  as w e l l  as a d d i t i o n a l  acous t i ca l  spaces f o r  t h e  c a v i t i e s  formed 
between t h e  t r i m  panels and o u t e r  s k i n  panels. The t r i m  panels a r e  supported 
by s o f t  rubber i s o l a t o r s  which are modeled by a s t i f f n e s s  connect ion between 
t h e  a i r f r a m e  s t r u c t u r e  and t r i m  panel. Resonant t ransmiss ion through t h e  mount 
i s  a l s o  inc luded,  adding a subsystem f o r  each i s o l a t i o n  mount. Panel and space 
subsystems a re  added t o  descr ibe the  a i r  c o n d i t i o n i n g  d u c t i n g  and duc t  cav i -  
t i e s .  The subsystem t o t a l  increases t o  307 f o r  t h e  t r e a t e d  i n t e r i o r  w i t h  a 
t o t a l  o f  945 j u n c t i o n s .  
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V e r i f i c a t i o n  o f  t he  model p r e d i c t i o n s  on an o v e r a l l  bas i s  i s  done by comparison 
of t h e  cab in  subsystem p r e d i c t i o n s  t o  a c t u a l  i n t e r i o r  no ise l e v e l s  from f l i g h t  
a i r c r a f t .  Th is  has been done i n  Reference 2 f o r  bare i n t e r i o r s .  Comparisons 
w i t h i n  t h i s  r e p o r t  a re  done r e l a t i v e  t o  those bare l e v e l s  - actual  and pre-  
d i c ted .  

The SEA program takes i n d i v i d u a l  subsystems i n  the  a i r c r a f t  and models them 
us ing  standard subsystem types, such as c a v i t i e s ,  panels, and frames w i t h  
s p e c i f i c  j u n c t i o n  types de f i ned  a t  a subsystem end o r  middle. This  r e p o r t  
concerns i t s e l f  w i t h  how c lose  t h i s  comes t o  r e a l  wor ld  response by comparison 
w i t h  the  l a b o r a t o r y  exper imentat ion and measured a i r c r a f t  data. 

The p r e d i c t e d  response of frames and s k i n  panels as p a r t  o f  t he  a i r f rame has 
been shown t o  compare favo rab ly  t o  measured data f o r  t he  bare a i r c r a f t  con- 
f i g u r a t i o n  [Ref. 23 and i s  t h e  bas i s  o f  t h i s  model. The p r e d i c t e d  f l o w  o f  
energy through the  i n t e r i o r  system as modeled by SEA techniques and how those 
p r e d i c t i o n s  compare w i t h  t h e  response o f  i n t e r i o r  subsystems as measured 
through exper imentat ion i s  discussed here w i t h i n .  Modeling o f  t h e  t reatment  
panels had n o t  been done be fo re  and had t o  be compared t o  ac tua l  response. 
This  was accomplished by measuring panel TL i n  the  l a b o r a t o r y  and then com- 
p a r i n g  w i t h  p r e d i c t e d  SEA models. The panel was created us ing  the  SEA model 
f o r  a panel and i n c o r p o r a t i n g  the  parameters o f  t he  i n t e r i o r  panel .  These w i l l  
be shown t o  compare f a v o r a b l y  w i t h  ac tua l  panel responses. From t h i s  t h e  
response o f  t h e  va r ious  panels cou ld  be modeled i n t o  the  a i r c r a f t .  Th is  helps 
w i t h  t h e  p r e d i c t i o n  o f  t h e  Advanced I n t e r i o r  model which i nco rpo ra ted  panels 
t h a t  have been l a b o r a t o r y  tes ted ,  b u t  n o t  y e t  f l i g h t  t es ted .  

Laboratory experiments were performed g e n e r a l l y  w i t h i n  t w o  t e s t  chambers 
designed t o  a l l o w  a v a r i e t y  o f  d i f f e r e n t  acous t i c  measurements. The chambers 
are p o s i t i o n e d  s i d e  by s ide,  y e t  i s o l a t e d  dynamical ly  from each o t h e r  and from 
surrounding s t r u c t u r e .  One room i s  a reve rbe ran t  type chamber and t h e  o the r  i s  
an anechoic type chamber. The rooms can be used i n d i v i d u a l l y  o r  t oge the r  by 
opening t h e  t e s t  s e c t i o n  between t h e  rooms. 

Other subsystem v e r i f i c a t i o n  was performed e i t h e r  d i r e c t l y  on t h e  va r ious  
a i r c r a f t ,  such as cab in  absorpt ion,  o r  ca l cu la ted ,  such as c a v i t y  absorpt ion.  

Sea models o f  t r i m  panel t ransmiss ion l o s s  - I n  the  SEA cab in  no ise model t h e  
t r i m  panels a re  separate s t r u c t u r a l  subsystems t h a t  couple d i r e c t l y  t o  ad jacent  
acous t i c  space. I n  a d d i t i o n ,  non-resonant panel response r e s u l t s  i n  a d i r e c t  
coup l i ng  between adjacent spaces on e i t h e r  s i d e  o f  t h e  t r i m  panel, indepen- 
d e n t l y  o f  t h e  coup l i ng  t o  resonant panel response. An area j u n c t i o n  between a 
t r i m  panel subsystem and adjacent  spaces c o n s i s t s  o f  t h ree  separate coup l i ng  
l o s s  f s c t o r  evaluat ions:  resonant panel response separate ly  coupled t o  each 
space, and space t o  space coup l i ng  through non-resonant panel response. 
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To s u b s t a n t i a t e  t h e  SEA modeling o f  t r i m  panel behavior a s e r i e s  o f  l a b o r a t o r y  
experiments were c a r r i e d  o u t  t o  evaluate t h e  resonant and non-resonant t rans -  
miss ion through t r i m  panel designs f o r  t he  U t i l i t y ,  V I P ,  and Advanced i n -  
t e r i o r s .  Leakage around t h e  edges o f  t r i m  panels a l s o  c o n s t i t u t e s  an addi-  
t i o n a l  d i r e c t  coup l i ng  between t h e  adjacent  acous t i c  spaces. A s e r i e s  o f  
experiments were a l s o  performed t o  support  t h e  modeling approach f o r  leakage. 

The exper imental  procedures a re  descr ibed i n  Appendix A. The measurement 
i nvo l ves  p l a c i n g  t h e  t e s t  t r i m  panel i n  an opening between a reverberent  room 
and an anechoic chamber. Wi th  an acous t i c  source i n  t h e  reve rbe ren t  room t h e  
power t r a n s m i t t e d  through t h e  panel t o  t h e  anechoic chamber i s  measured us ing  
an acous t i c  i n t e n s i t y  probe scanning over the  panel sur face t o  determine t h e  
t o t a l  power. 

An SEA model was developed o f  t h e  experimental t e s t  setup. The room volumes 
and the  t r i m  panel s i z e  were i d e n t i c a l  t o  those f o r  t h e  measurement. The 
ou tpu t  o f  t h e  SEA model was i n t e r p r e t e d  i n  terms o f  t h e  t ransmiss ion loss (TL) 
i n  t h e  same manner as t h e  data r e d u c t i o n  t h a t  was a p p l i e d  t o  t h e  exper imental  
r e s u l t s  t o  determine TL. The acous t i c  i n t e n s i t y  i n c i d e n t  on t h e  t e s t  panel was 
determined from t h e  space average pressure l e v e l  i n  t h e  reverberent  room. I n  
i d e n t i c a l  f ash ion  t h e  SEA model pressure response i n  t h e  source space was 
converted t o  an i n c i d e n t  acous t i c  i n t e n s i t y .  The i n t e n s i t y  probe was used t o  
d i r e c t l y  measure t h e  t r a n s m i t t e d  i n t e n s i t y ,  and t h e  SEA model d i r e c t l y  p r e d i c t s  
t h e  t r a n s m i t t e d  power. The t ransmiss ion l o s s  i s  t he  r a t i o  o f  t r a n s m i t t e d  t o  
i n c i d e n t  i n t e n s i t i e s .  

The U t i l i t y  t r i m  panel design i s  b a s i c a l l y  a l i m p  mass c o n s t r u c t i o n  i n  t h a t  
panel bending and coincidence e f f e c t s  do n o t  occur u n t i l  h i g h  f requencies above 
t h e  band o f  pr imary i n t e r e s t .  The measured TL r e s u l t s  i n  F igu re  18 f o l l o w i n g  
t h e  convent ional  mass law behavior w i t h  a 6dB change i n  TL f o r  each doubl ing o r  
h a l v i n g  o f  frequency. The SEA r e s u l t  f o l l ows  c l o s e l y  t h e  measured data. 

As p r e v i o u s l y  descr ibed, t he  V I P  t r i m  panel i s  fundamental ly a double w a l l  
c o n s t r u c t i o n  w i t h  two mass l a y e r s  separated by a compl iant  foam core. The 
ou te r  foam and fac ing  l a y e r s  can be expected t o  have l i t t l e  i n f l u e n c e  on t h e  
TL. T h e i r  f u n c t i o n  i s  t o  p rov ide  abso rp t i on  i n  t h e  ad jacent  acous t i c  spaces. 
Such cons t ruc t i ons  can be modeled i n  d e t a i l  w i t h  t h e  a d d i t i o n  o f  SEA subsystems 
t o  descr ibe each mass l a y e r ,  which must a l s o  i n c l u d e  f l e x u r a l  s t i f f n e s s  e f -  
f e c t s ,  and t h e  foam core. 

The p r imary  TL f e a t u r e  o f  double w a l l  cons t ruc t i ons  i s  a d i p  i n  TL i n  t h e  
frequency r e g i o n  near t h e  double w a l l  resonance o f  t h e  masses o f  t h e  mass 
l a y e r s  aga ins t  t he  s t i f f n e s s  o f  t h e  foam core. Above t h e  double w a l l  resonance 
t h e  TL increases r a p i d l y  a t  a r a t e  approaching a p r a c t i c a l  value o f  12dB pe r  
doub l i ng  o f  frequency. The TL exceeds mass law based on t h e  t o t a l  mass o f  t h e  
panel design. This  behavior i s  observed i n  t h e  experimental r e s u l t s  i n  F igure 
i a  
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A s i m p l i f i e d  SEA model o f  t he  V I P  panel was developed i n  order  t o  avo id  t h e  
a d d i t i o n a l  complex i ty  i n  mod i f y ing  t h e  cab in  no ise model t o  i nc lude  the  i n -  
creased number o f  subsystems r e q u i r e d  t o  descr ibe the  double w a l l  construc- 
t i o n s .  The double w a l l  d i p  i n  TL i s  descr ibed by i n t r o d u c i n g  panel coincidence 
f o r  convent ional  panel bending a t  t h e  frequency o f  t h e  double w a l l  resonance. 
The r a p i d  increase above double w a l l  resonance i s  achieved by adding a s imple 
d i s t r i b u t e d  s t i f f n e s s  a t  t he  area j u n c t i o n  between t h e  panel and the  adjacent  
spaces. I n  q u a l i t a t i v e  terms the  added s t i f f n e s s  accounts f o r  t he  s t i f f n e s s  o f  
t h e  foam core. Increased panel damping l e v e l s  a l s o  c o n t r i b u t e  t o  modeling t h e  
r a p i d  increase. No a d d i t i o n a l  SEA subsystems a re  r e q u i r e d  t o  descr ibe t h e  V I P  
panel when modeled i n  t h i s  fashion. The comparison o f  t he  SEA model r e s u l t s  
and the  measured data i s  good. 

A f i n a l  comparison invo lved  t h e  e f f e c t s  o f  leakage as a f l a n k i n g  t ransmiss ion 
pa th  between adjacent  spaces. For t h e  exper imental  measurements holes,  i n  t h e  
f o r m  o f  narrow s l i t s ,  were c u t  i n  t h e  u t i l i t y  t r i m  panel cons t ruc t i on .  The 
r e s u l t s  i n  F igu re  55 show t h e  adverse e f f e c t s  o f  leakage i n  reducing t h e  TL. 
An otherwise n e g l i g i b l y  small  leakage area t h a t  i s  .OS% o f  t o t a l  panel area 
r e s u l t s  i n  an up t o  lOdB decrease i n  TL a t  h ighe r  f requencies.  

The SEA model o f  t he  experimental setup was augmented t o  i nc lude  t h e  t rans -  
miss ion through t h e  leakage by adding an area j u n c t i o n  equal i n  area t o  t h a t  o f  
t h e  opening i n  the  panel. I n  t h e  cab in  no ise model t h e  leakage area can on ly  
be estimated. The SEAM code est imates impedances c h a r a c t e r i z i n g  t h e  r a d i a t i o n  
a t  t h e  opening i n t o  t h e  adjacent  spaces. The p r e d i c t e d  r e s u l t s  agree w i t h  t h e  
measured data a t  lower f requencies,  p a r t i c u l a r l y  f o r  t h e  smal ler  opening. A t  
lower frequency t h e  panel TL i s  n o t  as g r e a t  so t h a t  t ransmiss ion through the  
panel dominates and a d d i t i o n a l  t ransmiss ion through the  opening, which i s  l e s s  
frequency s e n s i t i v e ,  i s  n o t  as s i g n i f i c a n t .  A t  h ighe r  f requencies t h e  panel TL 
i s  g rea te r  so t h a t  t ransmiss ion through openings w i l l  be o f  g rea te r  conse- 
quence. 

The SEA model a t  h ighe r  f requencies ove rp red ic t s  t h e  t o t a l  t ransmiss ion,  w i t h  
l e s s e r  TL values i n  comparison w i t h  t h e  data. The p r e d i c t i o n s  l e v e l  o u t  t o  
constant  TL c o n s i s t e n t  w i t h  a r a y  acous t i cs  c h a r a c t e r i z a t i o n  o f  t he  opening 
where t h e  t o t a l  t ransmiss ion a t  h i g h  frequency becomes p r o p o r t i o n a l  t o  t h e  area 
r a t i o  o f  t h e  opening t o  t h e  t o t a l  panel area. 

Sources f o r  t h e  discrepancy may l i e  w i t h  t h e  modeling i n  n o t  a p p r o p r i a t e l y  
account ing f o r  geometry e f f e c t s  i n  t h e  shape o f  t h e  opening, o r  p o s s i b l y ,  i n  
account ing f o r  f l o w  res i s tance  as t h e  a i r  i n  t h e  opening o s c i l l a t e s  back and 
f o r t h  due t o  t h e  i n c i d e n t  acous t i c  wave. 
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U t i l i t y  i n t e r i o r  - Sea p r e d i c t i o n s  o f  cab in  and c a v i t y  l e v e l s  a re  shown i n  
F igu re  22 a long w i t h  t h e  cab in  l e v e l s  f o r  t he  bare a i r c r a f t .  The same a r b i -  
t r a r y  i n p u t  power ( t o  t h e  frame s e c t i o n  t h a t  t h e  gearbox at taches t o  on t h e  
l e f t  s ide)  was used f o r  t h e  bare and t r e a t e d  cases w i t h o u t  a t tempt ing  t o  sca le 
the  r e s u l t s  f o r  a c t u a l  f l i g h t  i n p u t  l e v e l s .  An 11 t o  18 dB r e d u c t i o n  i n  cab in  
l e v e l s  from 500 t o  4000 Hz i s  p red ic ted .  This  i s  c o n s i s t e n t  w i t h  d i f f e r e n c e s  
i n  f l i g h t  l e v e l s  f o r  t h e  Bare and U t i l i t y  i n t e r i o r  a i r c r a f t .  

As descr ibed above, t h e  i n t e r i o r  t reatment  i s  b a s i c a l l y  add-on i n  character  and 
would n o t  be expected t o  s i g n i f i c a n t l y  change t h e  v i b r a t i o n  t ransmiss ion i n  t h e  
a i r f rame s t r u c t u r e .  SEA p r e d i c t i o n s  o f  frame and s k i n  panel l e v e l s  con f i rm  
t h i s ,  showing n e g l i g i b l e  changes (<l de) w i t h  t h e  a d d i t i o n  o f  t h e  t reatment.  

However, t h e  t r i m  panels t r a p  acous t i c  energy r a d i a t e d  by t h e  s k i n  panels and 
framing, thereby r a i s i n g  t h e  l e v e l s  i n  t h e  c a v i t i e s  i n  comparison w i t h  t h e  bare 
a i r f rame cab in  l e v e l s .  Added acous t i c  abso rp t i on  i n  t h e  c a v i t i e s  i s  i n s u f -  
f i c i e n t  t o  s i g n i f i c a n t l y  l i m i t  t h i s  b u i l d u p  o f  acous t i c  energy. The overhead 
c a v i t i e s  a re  s t r o n g l y  coupled by openings i n  the  frame webbing t h a t  a l l o w  f o r  
t h e  passage o f  w i r i n g ,  c o n t r o l  cables,  e t c .  As a r e s u l t  t h e  c a v i t y  l e v e l s  a re  
more u n i f o r m l y  d i s t r i b u t e d  throughout t h e  cab in  overhead i n  comparison w i t h  the  
s k i n  panel v i b r a t i o n  l e v e l s  which a re  the  pr imary source o f  r a d i a t i o n  i n t o  t h e  
c a v i t i e s ,  as shown i n  F igure 23. 

F igu re  20a and 21a show t h e  p r e d i c t e d  energy o f  t h e  va r ious  c a v i t i e s  and 
associated s k i n  panels i n  t h e  overhead region. As expected l e v e l s  a r e  h ighes t  
around t h e  i n p u t  source and g e n e r a l l y  decrease as t h e  subsystems g e t  f u r t h e r  
removed. OP14D i s  mis leading as i t  i s  a very " t h i n "  c a v i t y  (on l y  1/2") .  

The increase i n  acous t i c  l e v e l s  i n  the  c a v i t i e s  w i t h  t h e  t r i m  panels i n  p lace  
d imin ishes t h e  panel e f f e c t i v e n e s s  i n  reducing cab in  no ise l e v e l s .  The noise 
r e d u c t i o n  p o t e n t i a l  o f  a panel system i s  dependent on t h e  p a n e l ' s  t ransmiss ion 
l o s s  (TL). An independent measurement o f  t r i m  panel TL was c a r r i e d  o u t  i n  a 
reverberant  room/anechoic chamber f a c i l i t y .  Power t r a n s m i t t e d  from t h e  reve r -  
berent  room through t h e  panel was measured us ing  an acous t i c  i n t e n s i t y  probe on 
t h e  anechoic chamber s i d e  o f  t h e  panel. 

The data i s  compared i n  F igu re  18 w i t h  SEA p r e d i c t i o n s  f o r  t h e  exper imental  
setup o f  a 4 . 1  kg/m2 panel. The behavior i s  governed by mass law TL f o r  t h e  
f requencies o f  i n t e r e s t .  

I n  t h e  a i r c r a f t  leakage around the  t r i m  panels can s i g n i f i c a n t l y  reduce t h e  
no ise  r e d u c t i o n  a c t u a l l y  achieved i f  n o t  c a r e f u l l y  l i m i t e d  by proper  design and 
i n s t a l l a t i o n .  Estimates o f  leakage area were i nco rpo ra ted  i n  t h e  SEA coup l i ng  
between the  c a v i t i e s  and t h e  cabin.  Coupl ing l o s s  f a c t o r s  between c a v i t y  and 
cab in  c h a r a c t e r i z i n g  panel TL and t ransmiss ion through leakage openings a re  
shown i n  F igu re  24. A t  500 Hz t ransmiss ion through t h e  t r i m  panel i s  g r e a t e r  
than through t h e  leakage openings. The r e l a t i v e  c o n t r i b u t i o n s  a re  n e a r l y  equal 
near 1000 Hz. Above 1000 Hz leakage c o n t r i b u t i o n  dominate due t o  t h e  increase 
i n  panel TL associated w i t h  mass law behavior.  
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Figure 20a. S-76 Overhead Panel Vibration Levels for 
Utility Type Interior. 
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F igu re  20b. S-76 Overhead Panel V i b r a t i o n  Levels f o r  
Execut ive Type I n t e r i o r .  
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Figure 20c. S-76 Overhead Panel V i b r a t i o n  Levels f o r  
Advanced Type I n t e r i o r .  
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F i g u r e  21a. S-76 Overhead C a v i t y  Levels f o r  U t i l i t y  
Type I n t e r i o r .  
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Figure 21b. S-76 Overhead Cavity Levels for Executive 
Type Interior. 
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Figure  21c. S-76 Overhead Cav i ty  Levels f o r  Advanced 
Type I n t e r i o r  
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Figure 22. U t i l i t y  Treatment E f fec t iveness  R e l a t i v e  t o  Overhead 
Cav i ty  Levels and Untreated Cabin Level s.  
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Figure  23. SEA Predict ions f o r  t h e  R e l a t i v e  D i s t r i b u t i o n  o f  
Overhead Skin,  Panel and Cav i ty  Levels a t  1000 Hz. 
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Figure 24. Coupling Loss Factors for  C a v i t i e s  t o  Cabin Through 
Panels and Holes (Leakage) f o r  a U t i l i t y  Type I n t e r i o r .  
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As a r e s u l t ,  t h e  e f f e c t s  o f  reducing leakage would be expected t o  be o f  some- 
what g rea te r  s i g n i f i c a n c e  a t  h ighe r  frequency, as can be seen i n  F igu re  25. A 
doubl ing o r  h a l v i n g  o f  leakage area f o r  a l l  t r i m  panels produces a 2 t o  3 dB 
change i n  t h e  cab in  l e v e l  a t  h i g h  f requencies.  Completely removing a l l  o f  t h e  
leakage reduces t h e  cab in  l e v e l s  by n e a r l y  10 dB a t  4000 Hz, w i t h  a d i m i n i s h i n g  
e f f e c t  a t  lower f requencies where panel t ransmiss ion becomes o f  g r e a t e r  impor- 
tance. C los ing  o f  t h e  a i r  c o n d i t i o n i n g  duc t  openings i n t o  t h e  cabin has a 
minimal e f f e c t  f o r  t h e  U t i l i t y  i n t e r i o r .  

The e f f e c t  o f  changing c a v i t y  absorpt ion,  as shown i n  F igu re  26, a re  a l s o  
somewhat g r e a t e r  a t  h ighe r  frequency. A f a c t o r  o f  2 increase i n  t h e  Sabin 
absorbing area i n  e i t h e r  the  c a v i t i e s  o r  t h e  cab in  produces t h e  same r e d u c t i o n  
i n  cab in  no ise l e v e l .  Increases i n  cab in  acous t i c  abso rp t i on  w i l l  n o t  be 
e f f e c t i v e  i n  reducing cabin no ise l e v e l s  unless the  l o s s  f a c t o r  assoc iated w i t h  
t h e  abso rp t i on  i s  comparable t o  o r  g r e a t e r  than t h e  coup l i ng  l o s s  f a c t o r  
between t h e  c a v i t i e s  and t h e  cabin. Greater coup l i ng  between t h e  c a v i t i e s  and 
t h e  cab in  ( i . e . ,  TL p l u s  leakage) a t  lower f requencies reduces t h e  e f f e c t i v e -  
ness o f  increased cab in  absorpt ion.  

A comparison o f  SEA p r e d i c t i o n s  w i t h  f l i g h t  data i s  shown i n  F igu re  27. The 
f l i g h t  data i s  an average o f  many t y p i c a l  U t i l i t y  i n t e r i o r  i n s t a l l a t i o n s  (as i n  
Photo 1) i n  S-76 a i r c r a f t .  The SEA p r e d i c t i o n  f o r  0% leakage i s  shown o n l y  as 
an i n d i c a t i o n  o f  t h e  maximum cab in  no ise r e d u c t i o n  p o t e n t i a l  s ince,  by t h e  
nature o f  i t s  usage, a U t i l i t y  type i n t e r i o r  cannot be sealed t h a t  t i g h t l y .  
The measured data a re  shown t o  agree w e l l  w i t h  the  expected leakage o f  approx i -  
mately 0.08%. 

Table 2. Major Con t r i bu to rs  t o  Power F l o w  i n t o  t h e  Cabin* a t  1000 Hz 

Locat ion Bare 

OC23L 13.2 
OC45L 8.8 
OC4YM 10.8 
OCY5M 10.7 

U t i  1 i ty  

5.2 
9.2 
8.2 

11.1 

SC14L 9.9 18.0 
SC56L 3.3 7.3 

Execut ive 

6.4 
10.2 

7.8 
5.9 

14.4 
10.6 

Execut ive i n t e r i o r  - The c o n t r i b u t o r s  t o  t h e  cab in  l e v e l  i n  t h e  Execut ive model 
a re  q u i t e  s i m i l a r  t o  those o f  t h e  U t i l i t y .  Energy f l o w  from t h e  overhead 
c a v i t i e s  accounts f o r  47.8% o f  t h e  cab in  l e v e l .  Again SC14L i s  t h e  g r e a t e s t  
s i n g l e  c o n t r i b u t o r  p r o v i d i n g  14.4% o f  t h e  t o t a l .  Because o f  t h e  s i m i l a r i t y  o f  
t h e  t reatment  models t h e  e f f e c t  i s  s t i l l  n e g l i g i b l e  on t h e  overhead frames and 
panel s. 
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F i g u r e  25. E f f e c t  of Air Condi t ion ing  Openings and Panel 
Leakage on t h e  SEA P r e d i c t i o n s  o f  a U t i l i t y  
Type I n t e r i o r .  
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F igu re  26. I n f l u e n c e  o f  C a v i t y  LOSS Factor  on t h e  SEA 
P r e d i c t i o n s  o f  a U t i l i t y  Type I n t e r i o r .  
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Figure 27. Comparison o f  the SEA Predictions for a 
Utility Type Interior With S-76 Flight Data 
at the Standard Cruise Condition. 
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The Execut ive noise c o n t r o l  t reatment  package incorporates an improved t r i m  
panel design (7.3 Kg/m2) w i t h  g rea te r  TL and increased abso rp t i on  l e v e l s  i n  t h e  
c a v i t i e s  (up 36%) and t h e  cab in  (up 18%). Reduced leakage around t h e  t r i m  
panels i s  a l s o  achieved. The d i s t r i b u t i o n  o f  power f l o w  i n t o  t h e  cab in  i s  very  
s i m i l a r  t o  t h a t  f o r  t h e  U t i l i t y  i n t e r i o r  (see Table 2 ) .  The power f l o w  from 
the  c a v i t i e s  t o  t h e  cab in  occurs w i t h  s i m i l a r  r e l a t i v e  c o n t r i b u t i o n s  b u t  w i t h  
reduced absolute l e v e l s  f o r  t h e  Execut ive i n t e r i o r .  

TL data f o r  a t y p i c a l  Execut ive type t r i m  panel i s  shown i n  F igu re  19, a long 
w i t h  r e s u l t s  from t h e  SEA model o f  t h i s  panel. The panel i nvo l ves  a double 
w a l l  c o n s t r u c t i o n  w i t h  a foam l a y e r  between the  s t r u c t u r a l  panel and a ( lead)  
v i n y l  septum. The TL data shows a double w a l l  resonance d i p  near 315-400 Hz 
w i t h  r a p i d  increases i n  TL a t  t h e  r a t e  o f  15  dB/octave a t  h ighe r  f requencies.  

The improved panel TL behavior r e s u l t s  i n  a g rea te r  s i g n i f i c a n c e  f o r  t ransmis- 
s i o n  through leakage openings around t h e  t r i m  panels. Coupl ing l o s s  f a c t o r s  
f o r  panel TL and leakage i n  t h e  Execut ive i n t e r i o r  a re  shown i n  F igu re  28. The 
leakage coup l i ng  l o s s  f a c t o r s  are p r o p o r t i o n a l  t o  area. Cav i t y  t o  cab in  
coup l i ng  through panel t ransmiss ion i s  s i g n i f i c a n t l y  l e s s  f o r  t h e  Execut ive 
i n t e r i o r  than t h a t  assoc iated w i t h  leakage, p a r t i c u l a r l y  a t  h ighe r  f requencies.  
The SEA p r e d i c t i o n s  show i n s e r t i o n  l o s s  values ranging from about 17 dB a t  500 
Hz t o  24 dB a t  4000 Hz (see F igure 29). 

A comparison o f  SEA p r e d i c t i o n s  w i t h  f l i g h t  data i s  shown i n  F igu re  30. Again 
the  f l i g h t  data i s  an average o f  many t y p i c a l  Execut ive i n t e r i o r  i n s t a l l a t i o n s  
(as i n  Photos 2 and 3) i n  S-76 a i r c r a f t .  The measured data are i n  reasonable 
agreement w i t h  t h e  expected leakage i n  t h i s  type i n t e r i o r .  

Advanced i n t e r i o r  - As mentioned p r e v i o u s l y ,  t he  i n t e n t  o f  an Advanced i n t e r i o r  
was t o  f l i g h t  t e s t  improvements discovered through use o f  t h e  model. Un- 
f o r t u n a t e l y ,  a i r c r a f t  avai  1 a b i  1 i t y  was such t h a t  t h e  "Advanced" concepts cou ld  
n o t  be f l i g h t  t e s t e d  as a complete set .  Many noise c o n t r o l  systems have been 
designed and t e s t e d  i n  l a b o r a t o r y  c o n d i t i o n s  w i t h  good success b u t  have y e t  t o  
be i n s t a l l e d  onto a f l i g h t  veh ic le .  Using t h e  l a b o r a t o r y  responses, these 
concepts were a p p l i e d  t o  the  Execut ive model and a p r e d i c t i o n  o f  t h e i r  e f f e c t s  
made. 

Measurements were performed on a bare con f igu red  S-76 w i t h  and w i t h o u t  an 
improved frame and panel damping package a p p l i e d  s p e c i f i c a l l y  t o  those sub- 
systems l o c a t e d  near t h e  t ransmiss ion f o o t  mounts. Loss f a c t o r s  o f  those 
subsystems were de r i ved  bo th  through rap  t e s t i n g  w h i l e  on t h e  ground and 
through i n - f l i g h t  measurements. Th is  damping t reatment  was s p e c i f i c a l l y  
designed t o  work i n  t h e  1000 Hz reg ion,  as t h i s  i s  t h e  c r i t i c a l  r e g i o n  o f  i n p u t  
f requencies from t h e  main gearbox. The e f f e c t  o f  damping appears s t r a i g h t -  
forward enough t h a t  i t  cou ld  be a p p l i e d  t o  t h e  advanced I n t e r i o r  t reatment  w i t h  
conf idence i n  t h e  r e s u l t s .  V e r i f i c a t i o n  o f  t h i s  system i n  an SEA model cou ld  
n o t  be performed as allowances f o r  updat ing o f  t h e  p r e v i o u s l y  used bare model 
[Z] t o  i n c l u d e  improvements i n  the  code used f o r  t h e  present  models had n o t  be 
made. 
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Figure 28. Coupling Loss Factors f o r  Cavities t o  Cabin 
Through Panels and Holes (Leakage) for  an 
Executive Type Inter ior .  
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Figure  29. E f f e c t  o f  Air Condit ioning Openings and Panel 
Leakage on t h e  SEA Predict ions o f  an Executive 
Type I n t e r i o r .  

79 



CABIN 
NOISE 

REDUCTION, 
dB 

Figure 30. Comparison o f  the  SEA Pred ic t ion ,  f o r  an 
Executive Type I n t e r i o r  With 5-76 F l i g h t  Data 
a t  t h e  Standard Cruise Condit ion. 
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Table 3. Major Con t r i bu to rs  t o  Advanced Cabin" Model a t  1000 Hz. 

Locat ion 

OC23L 
OC45 L 
0 C4Y M 
OC5YM 

SCl4L 
SC56L 

FL 
DCTCZL 
DCTCZR 

Advanced Advanced 
W/Duct C1 osed W/Duct Open 

0.2 0 . 1  
0.2 0 . 1  

14.6 8.5 
11.1 6.4 

21.7 
14.5 

12.0 
0.0  
0.0 

12.6 
8.3 

6.0 
23.6 
10 .1  

*Shown as a percentage o f  t o t a l  power f l o w  i n t o  t h e  cabin.  

For use i n  t h e  model, those s p e c i f i c  frames and panels t h a t  w e r e  t r e a t e d  when 
t h e  damping was t e s t e d  were assigned a new m a t e r i a l  model w i t h  an increased 
l o s s  f a c t o r  term as w e l l  as s p e c i f i c  changes i n  t h e  subsystem d e n s i t i e s  and 
wave speeds. 

A low weight,  cos t ,  y e t  e f f e c t i v e  noise c o n t r o l ,  i s  t h e  i n s t a l l m e n t  o f  f i b r o u s  
g lass b a t t i n g  i n t o  many o f  t h e  overhead c a v i t i e s .  As was shown e a r l i e r ,  w i t h  
the  i n s t a l l a t i o n  o f  t r i m  panels,  b u i l d  up o f  no ise i n  t h e  overhead bays i n -  
creases d r a m a t i c a l l y .  With more c o n t r o l  on leakage i n  t h e  Advanced model, 
those l e v e l s  a re  even g rea te r ,  as can be seen i n  F igu re  50. By p l a c i n g  g lass 
b a t t i n g  i n t o  those bays, no ise l e v e l s  can be lowered, thus decreasing the  
amount o f  energy being fo rced  through t h e  areas o f  leakage. 

Some o f  t h e  e f f e c t s  o f  t he  added damping can be seen i n  F igures 2Oc and 21c. 
The damped panels and c a v i t i e s  a re  much lower i n  l e v e l  than t h e i r  assoc iated 
u t i l i t y  o r  execut ive i n t e r i o r  l e v e l .  C a v i t i e s  OC34L and R are  bo th  surrounded 
on f i v e  s ides w i t h  damped frames o r  panel which apparent ly  i s  t he  cause f o r  t h e  
l a r g e  decrease i n  energy. The damping i n  the  frame seems t o  be t h e  most 
e f f e c t i v e ,  a t  l e a s t  according t o  t h e  model as seen i n  t h e  response o f  c a v i t y  
OC4YM as t h e  l e v e l s  here a re  lower than the  nex t  c a v i t y  down, OC5YM, apparen t l y  
due t o  t h e  frame damping i n  CF4M. 

The r e s u l t s  o f  t h e  Advanced model shows cab in  l e v e l s  down an a d d i t i o n a l  6 - 8 
dB over t h e  Execut ive model. Th is  would be except ional  i f  these concepts can 
be i n s t a l l e d  i n t o  an i n t e r i o r  design f o r  f u l l  f l i g h t  t e s t i n g  w i t h  compar i t ive 
r e s u l t s .  So w h i l e  exper imental  t e s t i n g  o f  these noise c o n t r o l  concepts and 
i n s t a l l a t i o n  i n t o  t h e  model seems t o  i n d i c a t e  p o s i t i v e  r e s u l t s ,  they have y e t  
t o  be v e r i f i e d  as an advancement over our  p resen t  i n t e r i o r  designs. 
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Because o f  t h e  increased abso rp t i on  i n  t h e  c a v i t i e s  and the  improved leakage 
c o n t r o l ,  energy f l o w  from t h e  ducts can now be seen t o  be q u i t e  c r i t i c a l .  The 
s i n g l e  l a r g e s t  c o n t r i b u t o r  f o r  t h e  advanced i s  no longer  SC14L a t  12.6%, b u t  
t h e  main supply duc t  DCTC2L a t  33.6%. Levels from the  overhead c a v i t i e s  a re  
down t o  16.0% t o t a l  c o n t r i b u t i o n .  Table 3 shows t h a t  w i t h  t h e  opening o f  t h e  
overhead ducts,  a l l  o t h e r  c o n t r i b u t o r s  decrease i n  s i g n i f i c a n c e  d r a m a t i c a l l y  as 
i f  a dam was opened. The ducts can be shown t o  be an e f f e c t i v e  noise b l o c k  as 
t o t a l  cab in  energy increases over 2 db by opening them. 
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Table 4a. Summary of S-76 SEA Model: Bare Interior 

Subsection types Number 

pane 1 s 53 
frames 35 

7 acoustic spaces - 
Totals 95 

Junction types 

line 99 
area 86 
point 29 

21 frame 
Total 245 

- 

Table 4b. Summary of 576 SEA Model: 

Subsection types Number 

panel s 101 
frames 70 
i n-pl ane 59 
(trim panel isolators) 
acoustic spaces 64 

7 pipes - 
Totals 301 

Junction types 

1 i n e  154 
area 330 
point 230 

21 frame - 

U 

# of  D.O.F. in SEA Model 

53 
70 
7 

130 
- 

ility Interior 

# of D.O.F. in SEA Model 

101 
140 
59 

64 
7 

371 
- 

Total 735 
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SEA P r e d i c t i o n s  f o r  t h e  Treated S-76 Cabin 

The p r imary  i n t e r e s t  i n  comparing t h e  bare and t r e a t e d  i n t e r i o r s  i s  i n  r e l a t i o n  
t o  t h e  reduc t i ons  i n  cab in  no ise l e v e l s  t h a t  a re  achieved. The degree o f  re -  
d u c t i o n  must be compared w i t h  t h e  added weight  o f  t h e  t o t a l  t reatments package 
i n  assessing i t s  e f fec t i veness .  I n s i g h t s  i n t o  t h e  v i b r a t i o n  and acous t i c  
t ransmiss ion processes gained from t h e  SEA model can p rov ide  i n s i g h t  t h a t  a re  
h e l p f u l  i n  des ign ing a weight  e f f e c t i v e  t reatment.  S p e c i f i c a l l y ,  reg ions o f  
h igh  modal energy o r  response can be t a r g e t e d  f o r  t reatment,  as w e l l  as t h e  
impor tant  t ransmiss ion paths by which energy reaches these regions. Output 
from an SEA model i s  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  i d e n t i f y i n g  c o n t r i b u t i o n s  t o  
t h e  t o t a l  cab in  no ise environment due t o  p a r t i c u l a r  t ransmiss ion paths and t h e  
immediate panel s t r u c t u r e s  t h a t  a re  t h e  dominate r a d i a t o r s  i n t o  t h e  cabin. 

I An impor tant  quest ion i s  t h e  degree t o  which t h e  treatments a f f e c t  t h e  t rans -  
m iss ion  i n  t h e  bas i c  a i r f r a m e  s t r u c t u r e ,  i f  a t  a l l .  The u t i l i t y  t reatments a r e  
p r i m a r i l y  o f  t h e  t ransmiss ion type; t r i m  panels "b lock"  the  r a d i a t i o n  o f  no i se  
from t h e  s k i n  panels, p reven t ing  i t  from reaching t h e  cabin,  d i r e c t l y .  Con- 
nected t o  t h e  a i r f rame s t r u c t u r e  by s o f t  i s o l a t i o n  mounts; they a re  n o t  ex- 
pected t o  mechanical ly l o a d  t h e  frames o r  panels from which they a re  supported 
t o  any s i g n i f i c a n t  degree. There i s  t h e  p o s s i b i l i t y  t h a t  by p reven t ing  t h e  
noise from r a d i a t i n g  d i r e c t l y  i n t o  the  cabin,  thereby r e s u l t i n g  i n  a b u i l d u p  o f  
noise levels i n  the acous t i c  spaces between t h e  s k i n  and t r i m  panels,  t h e  
h ighe r  acous t i c  l e v e l s  w i l l  mean increased panel v i b r a t i o n  l e v e l s .  Frames, 
which feed energy t o  t h e  s k i n  panels,  would n o t  be expected t o  show as no t i ce -  
ab le  an increase as t h e  panels because they a re  an a d d i t i o n a l  connect ion 
removed from t h e  c a v i t y  acous t i c  spaces and a re  t h e r e f o r e  l e s s  s e n s i t i v e  t o  t h e  
increased noise l e v e l s  ad jacent  t o  t h e  panels. 

The p r e l i m i n a r y  r e s u l t s  i n  F igures 3 1  and 32 show a t r e n d  t h a t  i s  counter t o  
t h i s  argument, namely, t h a t  t h e  frame and panel l e v e l s  moving forward i n  t h e  
cab in  away from t h e  gearbox l o c a t i o n  a re  h ighe r  i n  t h e  bare cab in  than i n  t h e  
t r e a t e d  cabin. Panel l e v e l s  ad jacent  t o  t h e  gearbox a re  more c l o s e l y  com- 
parable.  The frames, as expected, show l e s s  o f  a d i f f e r e n c e  between t h e  two 
c o n f i g u r a t i o n s .  Acoust ic l e v e l s  i n  t h e  c a v i t i e s  immediately beneath t h e  
forward s k i n  panels,  shown i n  F igu re  33, a re  s i g n i f i c a n t l y  g r e a t e r  than t h e  
cab in  no ise l e v e l s  i n  t h e  bare c o n f i g u r a t i o n  c o n s i s t e n t  w i t h  expectat ions.  
C a v i t y  l e v e l s  ad jacent  t o  t h e  gearbox a r e  i n e x p l i c a b l y  l e s s  than the  cab in  
l e v e l s  i n  t h e  bare c o n f i g u r a t i o n .  

The apparent anomalies i n  t h e  comparisons between bare and t r e a t e d  i n t e r i o r  
p r e d i c t i o n s  are c u r r e n t l y  be ing i nves t i ga ted .  The j u n c t i o n s  d e s c r i b i n g  t h e  
connections f o r  these subsystems a re  c u r r e n t l y  be ing reviewed as t o  t h e i r  
accuracy. 
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Figure 31. S-76 Frame Transfer Function Levels.  
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Figure 32. S-76 Skin Panel Transfer Function Levels. 
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Figure 33. S-76 Overhead Cav i ty  Noise Levels. 
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Pred ic ted  cab in  acous t i c  l e v e l s  f o r  t h e  bare and t r e a t e d  c o n f i g u r a t i o n s  a r e  
shown i n  F igu re  34 as a f u n c t i o n  o f  frequency. The l e v e l s  a re  scaled r e l a t i v e  
t o  t h e  same a r b i t r a r y  i n p u t  power which does n o t  correspond t o  ac tua l  i n p u t  
source l e v e l s  f o r  e i t h e r  an i n - f l i g h t  measurement o r  a ground t e s t  w i t h  shaker 
e x c i t a t i o n .  The p r e d i c t i o n s  w i t h  t h e  u t i l i t y  t reatment  are from 4-5 dB l e s s  i n  
t h e  lower frequency octave bands and from 9-10 dB l e s s  a t  2 and 4 kHz. These 
d i f f e r e n c e s  a re  n o t  as g r e a t  as expected based on ac tua l  measurements on bare 
and t r e a t e d  a i r c r a f t  and would suggest t h a t  a f u r t h e r  rev iew o f  t h e  SEA model 
i s  needed. 

Power F l o w  D e s c r i p t i o n  o f  Transmission Paths - The p r i n c i p a l  e f f e c t  o f  t h e  
t reatments i n  t h e  u t i l i t y  i n t e r i o r  i s  t o  b l o c k  d i r e c t  s k i n  panel r a d i a t i o n  i n t o  
the  cab in  by t h e  a d d i t i o n  o f  t r i m  panels. The V I P  i n t e r i o r  adds damping t o  
panels and abso rp t i on  t o  t h e  c a v i t y  and cab in  spaces t o  c o n t r o l  t h e  l e v e l s  o f  
these subsystems. An impor tant  cons ide ra t i on  f o r  t he  t r e a t e d  i n t e r i o r s  i s  
whether t h e  t reatments change fundamental ly t h e  mix o f  impor tant  c o n t r i b u t o r s  
t o  t h e  cab in  no ise environment o r  whether a l l  a re  reduced i n  comparable fash- 
ion.  I d e n t i f y i n g  p o s s i b l e  f l a n k i n g  t ransmiss ion paths t h a t  l i m i t  t h e  ac tua l  
e f fec t i veness  o f  t h e  t reatments i s  a l s o  impor tant  i n  assessing t h e i r  perform- 
ance. 

F lank ing t ransmiss ion can occur due t o  gaps o r  holes i n  mounting t h e  t r i m  
panels o r  through t h e  i s o l a t i o n  mounts t h a t  support them. The areas o f  these 
gaps and/or holes would need t o  be i nc luded  i n  t h e  SEA model i n  order  t o  
account f o r  acous t i c  t ransmiss ion through them. The p r e d i c t i o n s  would serve t o  
q u a n t i f y  t h e  p o i n t  where they a re  s i g n i f i c a n t  i n  i nc reas ing  t h e  cabin no ise 
l e v e l s ,  thereby e s t a b l i s h i n g  a c r i t e r i a  f o r  q u a l i t y  c o n t r o l  i n  t h e  i n s t a l l a t i o n  
o f  t h e  t reatment.  

A s i m i l a r  assessment can be made w i t h  respec t  t o  t h e  performance o f  t h e  i s o l a -  
t i o n  mounts suppor t i ng  t h e  t r i m  panels. Frame o r  s k i n  panel v i b r a t i o n  on t h e  
t o p  o f  t h e  mount i s  t r a n s m i t t e d  through t o  t h e  t r i m  panel where t h e  resonant 
response o f  t h e  t r i m  r e s u l t s  i n  a r a d i a t i o n  i n t o  t h e  cabin. The p o i n t  a t tach-  
ment t o  t h e  t r i m  panel r e s u l t s  i n  a n e a r f i e l d  v i b r a t i o n  response t h a t  a l s o  
r a d i a t e s  i n t o  the  cabin.  The s i g n i f i c a n c e  o f  t he  c o n t r i b u t i o n  through t h e  
mount w i l l  i n d i c a t e  whether i t  i s  s u f f i c i e n t l y  s o f t  i n  r e l a t i o n  t o  the  s t ruc -  
t u r e s  i t  connects. 

Power f l o w  c o n t r i b u t i o n s  i n t o  t h e  cab in  a r e  g iven i n  Table 2. C a v i t i e s  are 
d i r e c t l y  coupled t o  t h e  cab in  through leakage around and mass law t ransmiss ion 
through t h e  t r i m  panels. Overhead c a v i t i e s  account f o r  53% o f  t h e  t o t a l  power 
f l o w  i n t o  t h e  cab in  w i t h  t h e  more impor tant  c o n t r i b u t i o n s  coming from c a v i t i e s  
c l o s e r  t o  t h e  e x c i t e d  frame sect ion.  The Table 2 data show t h a t  t h e  d i s t r i -  
b u t i o n  of c o n t r i b u t i o n s  t o  t h e  cab in  no ise l e v e l  does n o t  fundamental ly d i f f e r  
from t h a t  f o r  t he  bare a i r c r a f t .  
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Figure 34. S-76 Cabin Noise Levels. 
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The a f t  s ide  c a v i t y  i s  t h e  s i n g l e  l a r g e s t  c o n t r i b u t o r  t o  the  cabin no ise l e v e l .  
It receives e s s e n t i a l l y  a l l  o f  i t s  power (98.6%) from t h e  s ide  s k i n  panel. The 
power f l o w  i n t o  t h e  s i d e  panel from t h e  s i d e  w a l l  frame i s  62% o f  i t s  t o t a l  
power. This  s i d e  w a l l  frame i s  a pr imary s t r u c t u r a l  member down t h e  s i d e  o f  
t he  cab in  which connects t o ,  and receives 100% o f  i t s  power f l o w  from, an 
overhead cross-frame j u s t  forward o f  t h e  gearbox. V i b r a t i o n  t ransmiss ion i s  
s t r o n g  a long t h i s  impor tant  mechanical l oad  path.  

C a v i t i e s  near the  gearbox rece ive  power from t h e  overhead s k i n  panels. Fu r the r  
from t h e  gearbox, c o n t r i b u t i o n s  from adjacent  c a v i t i e s  c l o s e r  t o  t h e  gearbox 
grow i n  importance r e l a t i v e  t o  s k i n  panel r a d i a t i o n .  The f u r t h e s t  forward 
c a v i t y  receives n e a r l y  a l l  o f  i t s  power from the  adjacent "upstream" c a v i t y .  

The power f l o w  c o n t r i b u t i o n s  f o r  a t y p i c a l  c a v i t y  acous t i c  space a re  shown i n  
Table 5. The dominate c o n t r i b u t o r  i s  t h e  ou te r  s k i n  panel above t h e  c a v i t y ,  
w i t h  impor tant  c o n t r i b u t i o n s  from adjacent  c a v i t i e s  t h a t  a re  c l o s e r  t o  t h e  
source. Transmission from an adjacent  c a v i t y  i s  r e l a t e d  t o  mass law t rans -  
miss ion through the  web o f  t h e  i n t e r v e n i n g  frame o r  through openings i n  t h e  
web. 

The power f l o w  p a t h  from t h e  forward overhead s k i n  panel, OP67L, back t o  t h e  
source frame s e c t i o n  i s  shown i n  Table 6. The t ransmiss ion behavior i n  t h e  
under l y ing  a i r f rame s t r u c t u r e  i s  t h e  same as i n  t h e  un t rea ted  S-76. The pa th  
leads t o  ad jacent  frame members and a long t h e  main l o n g i t u d i n a l  frames t o  t h e  
source frame sect ion.  

*Shown as percentage o f  t o t a l  power f l o w  i n t o  t h e  cab in  f o r  t he  p a r t i c u l a r  con- 
f i g u r a t i o n  described. 

Table 5. Power Flow D e s c r i p t i o n  f o r  an Overhead Cav i t y  (OC56L) 

Power I n f l o w  From: Percent o f  To ta l  I n f l o w  

OP56L 
OC45L 
OC56M 

69.2% 
30.0% 

0.7% 
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Table 6. Power Flow Path D e s c r i p t i o n  f o r  t h e  U t i l i t y  I n t e r i o r  Cabin Overhead 
f o r  LF14LO V i b r a t o r y  I n p u t  

Power I n f l o w  f o r  OP67L, from: Percent o f  To ta l  I n f l o w  

LF67LO 
CF6LO 
OP56L 
CF6LI 

Power I n f l o w  f o r  LF67L0, from: 

LF56LO 
CF6MO 
CF6LO 
CF6MI 

48.9% 
23.3% 
15.7% 
6.3% 

67.4% 
13.7% 

9.5% 
6.5% 

Power I n f l o w  f o r  LF67L0, from: 

LF45LO 100.0% 

Power I n f l o w  f o r  LF45L0, from: 

LF14LO 98.6% 
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ISOLATION AS AN ALTERNATE NOISE CONTROL CONCEPT 

Gearbox I s o l a t i o n  Mounts 

The design o f  i s o l a t i o n  mounts a t  t h e  attachment l o c a t i o n  o f  t h e  gearbox t o  t h e  
a i r f rame o f f e r s  t h e  p o s s i b i l i t y  o f  p o t e n t i a l l y  s i g n i f i c a n t  reduct ions i n  t h e  
cab in  no ise environment. Mounts a re  a t ransmiss ion type t reatment  which a r e  
used most e f f e c t i v e l y  when loca ted  as c lose  t o  t h e  source as poss ib le ;  a 
c o n d i t i o n  s a t i s f i e d  by gearbox i s o l a t i o n  mounts. This  s e c t i o n  discusses t h e  
modeling o f  mount dynamics, account ing f o r  t h e  impedance c h a r a c t e r i s t i c s  o f  t h e  
gearbox and a i r f r a m e  s t r u c t u r e s  a t  t h e  l o c a t i o n  where they a r e  at tached through 
t h e  mount. 

An impor tant  presumption made i n  d e s c r i b i n g  mount behavior i s  t h a t  motions o r  
forces a t  t h e  attachment p o i n t s  and i n  t h e  d i f f e r e n t  d i r e c t i o n s  can be t r e a t e d  
as be ing  s t a t i s t i c a l l y  independent o r  uncorre la ted.  This  g r e a t l y  s i m p l i f i e s  
impedance rep resen ta t i ons  o f  gearbox and a i r f rame behavior. The measured 
e f f e c t s  o f  source coherence which a re  descr ibed i n  t h e  Phase I1  r e p o r t  [2], 
l end  c r e d i b i l i t y  t o  t h i s  presumption. 

I n d i v i d u a l  motions a t  an attachment l o c a t i o n  i n v o l v e  a s i n g l e  p a i r  o f  general-  
i z e d  force and v e l o c i t y  v a r i a b l e s .  The s t r u c t u r a l  connect ion i s  presumed t o  
occur a t  a p o i n t .  The gearbox i s  modeled as t h e  source and t h e  a i r f rame as t h e  
r e c e i v i n g  s t r u c t u r e  i n t o  which power f lows. 

The source d e s c r i p t i o n  o f  t h e  gearbox i s  i d e a l i z e d  i n  terms o f  an open c i r c u i t  

o r  f r e e  v e l o c i t y ,  Vfree, where t h e  s u b s c r i p t  i r e f e r s  t o  t h e  d i f f e r e n t  a t tach -  

ment l o c a t i o n s  and d i r e c t i o n s  o f  motion. T r e a t i n g  t h e  gearbox as a l i n e a r  t ime 
i n v a r i a n t  system w i t h  i n t e r n a l  sources a t  gear mesh l o c a t i o n s ,  t h e  f r e e  ve lo-  
c i t y  i s  t h a t  which would occur a t  t h e  gearbox attachment l o c a t i o n  when t h e  
i n t e r n a l  sources a r e  a c t i v e  and t h e  gearbox has been detached from t h e  a i r -  
frame. This  d e s c r i p t i o n  i s  an i d e a l i z a t i o n  s ince  a measurement under such 
c o n d i t i o n s  i s  an i m p o s s i b i l i t y .  It i s  convenient from a modeling p o i n t  o f  view 
because t h e  source d e s c r i p t i o n  does n o t  depend on t h e  dynamics of t h e  s t r u c t u r e  
t o  which t h e  gearbox i s  attached. 

g , i  

I n  t h e  at tached c o n d i t i o n  t h e  f o r c e  and v e l o c i t y  a t  t h e  connect ion a re  r e l a t e d  
t o  t h e  f r e e  v e l o c i t y  source l e v e l s  accord ing to :  

Where Y i s  t h e  i n p u t  m o b i l i t y ,  i . e . ,  t h e  r a t i o  o f  v e l o c i t y  t o  fo rce ,  l o o k i n g  

i n t o  the  gearbox a t  t h e  attachment l o c a t i o n  w i t h  the  i n t e r n a l  sources tu rned  
o f f .  

9, i 

The a i r f rame dynamics a r e  a l s o  descr ibed by: 
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Without t h e  mount V = - V  so t h a t  t he  v e l o c i t y  o f  t he  a i r f rame i s :  g , i  a , i  

- - 'a.i ,,free 
'a,i - Y + Y g , i  a , i  9, i 

The r e d u c t i o n  o f  a i r f r a m e  mot ion a t  t h e  attachment l o c a t i o n  which occurs as a 
r e s u l t  o f  t h e  a d d i t i o n  o f  an i s o l a t i o n  mount i s  o f  p a r t i c u l a r  i n t e r e s t .  The 
mount connects on one s i d e  t o  t h e  gearbox and on t h e  o the r  t o  t h e  a i r f rame.  It 
i s  descr ibed by two f o r c e / v e l o c i t y  p a i r s  o f  va r iab les :  

- V  
-z12 g , i  (53) 

a , i  F a , i  z12 -z22 V 

Combining t h e  above impedance m a t r i x  d e s c r i p t i o n  o f  t h e  mount w i t h  t h e  descr ip-  
t i o n s  f o r  t h e  gearbox and a i r f rame an expression i s  obta ined f o r  t h e  r a t i o  o f  

a i r f rame attachment l o c a t i o n  v e l o c i t i e s  i n  t h e  case w i t h  t h e  mount, V:,i, t o  

t h a t  w i t h o u t  t h e  mount, Va,i, as fo l l ows :  

V! i (Ya + Yq) z12 
- =  

a , i  (1 + Y Z )(1 + Ya ZZ2) - Yg Ya Z f 2  V 
9 11 

- When t h e  mount behaves as a l i g h t w e i g h t  s imple spr ing,  then Z = Zll - = Z12 and t h e  expression takes on the  f o l l o w i n g  s imp le  fovm: z22 

m 
"a, i  - - - 1 

V 
- 1 

1 \I  
I m l. 

I + Y a + Y  g 
zm (Ya + Yg> 

1 +  V a, i 

(54) 

(55) 

Where Zm i s  t h e  s t i f f n e s s  reactance o f  t h e  mount and Ym i s  a m o b i l i t y  f o r  t h e  

mount: Ym = l /zm. 
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When t h e  mount i s  r i g i d  compared t o  e i t h e r  t h e  a i r f rame o r  gearbox, i . e . ,  when 
Ym << Ya o r  Ym << Y then t h e  mount has no e f f e c t  i n  reducing the  a i r f rame 

v i b r a t i o n .  This  p o i n t s  o u t  an impor tan t  f e a t u r e  when s t a t e d  as a c r i t e r i a  on 
mount s t i f f n e s s  i n  order  t o  o b t a i n  s i g n i f i c a n t  reduct ions;  namely, t h a t  t h e  
mount must be s o f t  compared t o  t h e  s o f t e r  o f  e i t h e r  t h e  a i r f rame o r  gearbox. 

g '  

F o r  g iven a i r f rame and gearbox s t r u c t u r e s  t h e  i n c l u s i o n  o f  a mount w i l l  r e s u l t  
i n  a r e d u c t i o n  i n  t h e  power f l o w  from the  gearbox by the  f o l l o w i n g  amount: 

dB 1 M = 10 loglo 
'm 1 2  

9 
I1 + Ya + Y 

This  i s  a l s o  t h e  a n t i c i p a t e d  r e d u c t i o n  i n  a i r f rame response and cab in  no ise 
l e v e l s .  

Th is  e v a l u a t i o n  depends on separate es t ima t ions  o f  mount , a i r f rame and gearbox 
impedance c h a r a c t e r i s t i c s .  Depending on frequency, t h e  mount can o f t e n  be 
modeled as a s imple s p r i n g  s t i f f n e s s ,  i n c l u d i n g  t h e  e f f e c t s  o f  cross-sect ional  
geometry. A t  h igher  f requencies t ransmiss ion l i n e  models o f  mount impedances 
can be developed. 

When many i n t e r n a l  mount resonances a re  exc i ted ,  an SEA model o f  t h e  mount 
prov ides accurate s t a t i s t i c a l  est imates o f  mean o r  average mount behavior. 
Th is  a p p l i e s  a l s o  t o  t h e  a i r f r a m e  s t r u c t u r e  where a s t a t i s t i c a l  rep resen ta t i on  
o f  attachment p o i n t  impedance behavior depends on t h e  mot ion type and d e t a i l s  
o f  t h e  cons t ruc t i on ,  f o r  instance,  whether t h e  attachment i s  a t  a mid-point  
l o c a t i o n  a long a frame member o r  a t  t h e  i n t e r s e c t i o n  o r  j u n c t i o n  o f  several  
such frame members. 

The e v a l u a t i o n  o f  power f l o w  r e d u c t i o n  i n  Equation (56) can be c a r r i e d  o u t  
separate ly  from t h e  SEA model o f  a i r f r a m e  v i b r a t i o n  t ransmiss ion and cab in  
noise. Experimental measurements o f  s t r u c t u r a l  impedances f o r  t he  a i r f rame and 
gearbox w i t h  shakers and f o r c e  gages can be combined w i t h  est imates o f  mount 
behavior  as modeled a n a l y t i c a l l y  o r  measured exper imenta l ly .  The est imated 
reduc t i ons  i n  power f l o w  apply d i r e c t l y  t o  p r e d i c t i o n s  o f  v i b r a t i o n  t ransmis- 
s i o n  and cab in  no ise response l e v e l s  f r o m  t h e  SEA model. 
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Preliminary Design Definition 

Physical constraints - Installation of compliant elements between the main 
gearbox and the S-76 airframe requires that certain analyses be performed to 
determine their effect on various aircraft systems, and safety. These include 
spatial envelope, failsafe design, and allowable static and transient maneuver 
motion between transmission and airframe. Physical size limitations and ease 
of retrofit must also be considered. 

4 

The spatial envelope considered is bordered by the height of the main longi- 
tudinal beams, and the flange width of the same, which are approximately 8 and 
3 inches respectively. Given the elastomeric properties and loading informa- 
tion, a preliminary design can be developed. This appears in Figure 35. It 
basically consists of two "hat" style units configured end to end and through 
bolted to the transmission foot. This design provides the redundancy needed in 
case of elastomer failure, as well as high loading capabilities in the vertical 
direction needed to handle maximum maneuver loading. Safety considerations 
dictate the configuration of the encapsulation of the elastomer such that its 
failure precludes catastrophe. Static, transient maneuver and dynamic loadings 
define an envelope of practical designs. Maximum maneuver loading for this 
aircraft occur at the right front attachment location, where -14000 lb. limit 
tension load vertical is encountered during symmetrical dive and pullout, with 
-8000 lb. compression limit load at the left rear attachment in the vertical 
direction during a rolling pullout. 

Dynamic 1 per rev and 4 per rev rotor forces must also be considered for 
fatigue analysis and change in airframe response from the non-isolated to the 
isolated configuration. Normal modes analysis was performed on the af/gearbox 
system in both conditions with spring rates of 20000 lb/in vertical, 110000 
lb/in radial at each attachment, and twice more using 1 . 5  and 2 times these 
values. This was performed utilizing available finite element model for the 
S-76 to ensure that the vibratory response of the airframe was not detrimental- 
ly affected at these forcing frequencies. Hub loads measured at 4/rev during 
full scale wind tunnel testing are as high as -900 lbs. vertical shearing force 
and 12000 in-lb yaw moment during 150 knot forward flight. A more detailed 
analysis of the fatigue characteristics of this installation will be performed 
for validation, using these figures as conservative estimates of actual load- 
i ng. 

Various mechanical components that have attachment on both the airframe and 
gearbox must be studied so that an increase in relative motion between the 
gearbox and airframe does not hinder their performance. These include fligh 
control rods, input power shafts and power takeoff items such as the tail take- 
off from the main gearbox. The minimum stiffness requirement lies in the 
allowable values of error or misalignment for the control system and rotating 
shafting. 
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The c o n t r o l s  system has mounting l o c a t i o n s  f o r  c o n t r o l  r o d  p i v o t s  on b o t h  t h e  
a i r f rame and gearbox from t h e  c o n t r o l s  deck, on t h e  outboard s i d e  o f  OP4-6MY 
and t h e  c o l l e c t i v e  and c y c l i c  p i t c h  ac tua to rs  mounted on t h e  upper housing o f  
t h e  main gearbox. R e l a t i v e  mot ion here induces e r r o r  i n t o  t h e  f l i g h t  c o n t r o l  
system, which must be kept  t o  l e s s  than 0 . 1  degree r e s u l t a n t  p i t c h  change, 
c o l l e c t i v e  o r  c y c l i c .  A NASTRAN s t a t i c  a n a l y s i s  o f  a i r f r a m e h a i n  gearbox i n -  
s t a l l a t i o n  w i t h  and w i t h o u t  i s o l a t o r s  i n s t a l l e d  was performed t o  approximate 
any added e r r o r  t h a t  might  be induced. R e l a t i v e  mot ion o f  g r i d s  ad jacent  t o  
each end o f  each c o n t r o l  r o d  w i t h  s t a t i c  and maneuver l oad ing  c o n d i t i o n s  
a p p l i e d  i s  t racked, and r e s u l t a n t  e r r o r  ca l cu la ted .  Analys is  o f  d e f l e c t i o n  
between these components has shown t h a t  s t i f f n e s s e s  o f  132000 l b / i n  v e r t i c a l  
and 66000 l b / i n  r a d i a l  a t  each attachment l o c a t i o n  p rov ide  c o n t r o l  system e r r o r  
w i t h i n  a l l owab le  l i m i t s .  

Ro ta t i ng  components connect ing between t h e  a i r f rame and main gearbox i n c l u d e  
engine i n p u t  power s h a f t s  and t a i l  d r i v e s h a f t .  These components a r e  mounted 
v i  a f 1 e x i  b l  e coup1 i ngs designed t o  encounter a c e r t a i  n amount o f  m i  s a l  i gnment 
under normal ope ra t i ng  cond i t i ons ,  and p rov ide  e i t h e r  a l i m i t  i s o l a t o r  s t i f f -  
ness c r i t e r i a  o r  t h e  need t o  handle more misal ignment v i a  redesign o f  coupl ing/  
s h a f t  arrangements. The p o s s i b i l i t y  o f  tandem i n s t a l l a t i o n  i s  a f e a s i b l e  
a1 t e r n a t e  approach 

Shape and s i z e  e f f e c t s  - The shape, s i ze ,  and encapsulement con f igu ra t i on  o f  
any g iven elastomer de f i nes  an i s o l a t o r s  s t i f f n e s s  c h a r a c t e r i s t i c s .  Design 
equat ions f o r  e lastomer ic  spr ings a long w i t h  p r o p e r t i e s  o f  candidate elastomers 
a re  used f o r  t h e  f i n a l  s i z i n g  o f  t h e  u n i t s  [Ref .  l o ] .  F igure shows t h e  pre-  
l i m i n a r y  design shape, w i t h  p e r t i n e n t  dimensions labeled. 

For r a d i a l  loading,  

= k + k  
kY l Y  2Y 

where k represents  s t i f f n e s s  f o r  each element. 
shear , 

The t o p  sec t i on ,  i n  b u l k  

and, 
2 2  AL = 71 [r3 -rl] + nrlh2 

the re fo re ,  
71 G [(ri-rl) + rlh2 

h2 
k =  

l Y  
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where, G = s t a t i c  shear modulus, Pa 
A = Loaded area, m2 
h2 = th ickness,  m L 

The lower body, r a d i a l l y  loaded, 

K 1  
- 7.5 A LG - 

k2y I n  (r2/r1) 

where K 1  i s  a form f a c t o r  which depends on h e i g h t  t o  th ickness r a t i o .  
makes t h e  t o t a l  r a d i a l  s t i f f n e s s ,  

This  

For a x i a l  loading,  

X 

The top  s e c t i o n  i s  i n  shear and compression, 

where 

and A i s  the unloaded area, m 2 .  

The lower s e c t i o n  i s  i n  pure shear, 

U 

Making t h e  t o t a l  a x i a l  s t i f f n e s s ,  
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Pred ic ted  i s o l a t i o n  c h a r a c t e r i s t i c s  - The t r a n s m i s s i b i l i t y  and i s o l a t i o n  e f -  
fect iveness o f  an i n s t a l l e d  i s o l a t o r  system can be p r e d i c t e d  i f  t h e  dynamics o f  
each attachment l o c a t i o n  and d i r e c t i o n  i s  known. Using the  method descr ibed, 
es t ima t ions  o f  t h e  p o s s i b l e  b e n e f i t s  o f  v i b r a t i o n  t ransmiss ion through i s o l a -  
t i o n  mounts can be s tud ied.  

The s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  gearbox and a i r f rame a re  represented by 
compliance data obta ined from frequency response measurements. Frequency 
response measurements were made on an S-76 gearbox (S/N A-081-00005) and a 
p a r t i a l l y  assembled S-76 a i r f r a m e  (A/C 244). D r i v i n g  p o i n t  frequency response 
measurements and cross frequency response measurements were taken a t  t h e  f o u r  
attachment l o c a t i o n s  o f  t h e  gearbox and a i r f r a m e  i n  t h e  v e r t i c a l ,  l a t e r a l ,  and 
l o n g i t u d i n a l  d i r e c t i o n s  (see Figures 40 through 44, t y p i c a l ) .  The data were 
generated us ing  random e x c i t a t i o n  and were recorded on d i g i t a l  tape f o r  f u r t h e r  
processing. A Hewlett-Packard 5420 two-channel F o u r i e r  analyzer  was used t o  
process t h e  recorded data. The data were analyzed over f o u r  frequency ranges-- 
500-2100 Hz, 2100-3700 Hz, 3700-5300 Hz, and 5300-6900 Hz. Each frequency 
response measurement was i nteg ra ted  t w i c e  and c a l  i bra ted  t o  produce compl i ance 
data w i t h  u n i t s  o f  meters/Newton. I n  o rde r  t o  reduce the  noise content  i n  t h e  
data, t he  frequency response measurements were averaged t o  produce frequency 
spect ra from 500-6900 Hz w i t h  a 25Hz frequency spacing. 

Frequency response measurements were made on t h e  gearbox a t  each o f  the f o u r  
a i r f rame attachment p o i n t s  i n  t h e  t h r e e  p r i n c i p a l  d i r e c t i o n s .  The frequency 
response measurements a re  p l o t t e d  i n  t h e  form o f  compliance w i t h  u n i t s  o f  
meters/Newton. The attachment p o i n t  numbering and s i g n  convent ion f o r  t h e  
gearbox a re  shown i n  F igu re  37. Typ ica l  d r i v i n g  p o i n t  measurements a re  shown 
i n  F igures 40 and 42. 

The measurement l o c a t i o n s  and s i g n  convent ions used f o r  t h e  a i r f rames are shown 
i n  F igu re  38. Figures 41 and 43 show t y p i c a l  d r i v i n g  p o i n t  frequency response 
measurements on t h e  a i r f r a m e  a t  t h e  gearbox attachment l oca t i ons .  

The i s o l a t o r  c h a r a c t e r i s t i c s  r e q u i r e d  f o r  t h e  model a re  t h e  s t i f f n e s s  and damp- 
i n g  of each i s o l a t i n g  element. These c h a r a c t e r i s t i c s  can be obta ined i n  t h r e e  
d i f f e r e n t  ways. The s imp les t  i s  t o  use s t i f f n e s s  and damping values which a re  
constant  o r  vary l i n e a r l y  w i t h  frequency. Another i s  t o  use exper imen ta l l y  
measured values. The t h i r d  way i s  t o  compute t h e  i s o l a t o r  s t i f f n e s s  and damp- 
i n g  values us ing  t h e  i s o l a t o r  geometry and ac tua l  m a t e r i a l  p r o p e r t i e s  (modulus 
and l o s s  f a c t o r ) .  Experimental s tud ies  were performed on severa l  i s o l a t o r  
c o n f i g u r a t i o n s .  The t e s t s  were c a r r i e d  o u t  i n  t h e  i s o l a t i o n  t e s t  r i g  shown i n  
Photo 18. A t y p i c a l  i s o l a t o r  i s  shown i n  Photo 19 and t h e  t e s t  r e s u l t s  a re  
shown i n  F igu re  44. These experimental r e s u l t s  were merged w i t h  t h e  a n a l y t i c  
p r e d i c t i o n  program t o  develop an o v e r a l l  methodology t o  p r e d i c t  i s o l a t i o n  
e f fec t i veness .  
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Photo 18. Isolation Test  Rig. 
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Photo 19. Typical Isolator. 
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ELASTOMERIC ISOLATOR 

Figure 35. Typical Isolator Instal lation. 
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F igu re  36. S i n g l e  Isolator Geometry. 
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F igu re  37. Gearbox Attachment Po in ts  and Sign Conventions. 
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F igu re  38. Ai r f rame Attachment Po in ts  and Sign Conventions. 
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Figure 39. Block Diagram o f  Analytic Model. 
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Figure 40. Main Gearbox D r i v i n g  P o i n t  Frequency Response - P o r t  
Forward - V e r t i c a l .  
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Figure 41. Airframe D r i v i n g  Po in t  Frequency Response - Por t  
Forward - V e r t i c a l .  
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Figure 42. Main Gearbox D r i v i n g  Po in t  Frequency Response - 
P o r t  Forward - L a t e r a l .  
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Figure 43. Airframe Driving Point Frequency Response - 
Port Forward - Lateral. 
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Figure 44. I s o l a t o r  Bench Test  Results.  
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Since t h e  i s o l a t i o n  system i s  s u b j e c t  t o  changes i n  temperat.ure and experiences 
e x c i t a t i o n  over a broad frequency range, t h e  use o f  i s o l a t o r  geometry and 
m a t e r i a l  p r o p e r t i e s  was found t o  g i v e  t h e  b e s t  rep resen ta t i on  o f  t h e  i s o l a t o r  
c h a r a c t e r i s t i c s .  The i s o l a t i o n  model was exerc ised f o r  many constant  s t i f f n e s s  
and damping values and f o r  many i s o l a t o r  geometries. 

The a n a l y t i c a l  model was used t o  p r e d i c t  t h e  performance o f  many i s o l a t i o n  
systems. Each i s o l a t i o n  system was composed o f  one o r  more i d e n t i c a l  i s o l a t o r s  
a t  each attachment p o i n t .  I n i t i a l l y ,  t h e  i s o l a t o r s  a t  each attachment p o i n t  
were cha rac te r i zed  by constant  s t i f f n e s s  and damping values based on a l l owab le  
gearbox displacements and des i red  l e v e l s  o f  v i b r a t i o n  reduct ion.  Temperature 
and s t a t i c  p re load  l e v e l s  were changed t o  i n v e s t i g a t e  t h e i r  e f f e c t s  on t h e  
v i b r a t i o n  t r a n s m i t t e d  t o  t h e  a i r f rame.  The v a r i a t i o n  o f  m a t e r i a l  p r o p e r t i e s  
over a wide temperature range i s  shown i n  F igu re  45 over a range o f  frequen- 
c ies .  An ou tpu t  from t h e  model i s  t h e  r e l a t i v e  displacement o f  t h e  gearbox and 
a i r f rame attachment p o i n t s  as a f u n c t i o n  o f  frequency. The r a t i o  o f  t h e  
r e l a t i v e  displacement o f  t h e  gearbox ( t r a n s m i s s i b i l i t y )  was c a l c u l a t e d  f o r  each 
i s o l a t o r  c o n f i g u r a t i o n  and was used as a bas i s  f o r  e v a l u a t i n g  i s o l a t o r  designs. 

Another measure used t o  evaluate i s o l a t i o n  system performance was i s o l a t i o n  
e f fec t i veness .  Several i s o l a t o r  designs were evaluated i n  terms o f  i s o l a t i o n  
e f f e c t i v e n e s s  i n  a d d i t i o n  t o  t r a n s m i s s i b i l i t y .  

To i n v e s t i g a t e  t h e  temperature e f f e c t s  on t h e  s t i f f n e s s  and damping o f  t h e  
i s o l a t o r s ,  t r a n s m i s s i b i l i t y  was p r e d i c t e d  f o r  t h e  two i s o l a t o r  systems a t  
temperatures o f  8OoC, and -25OC. These r e s u l t s  a re  shown i n  F igu re  46. 

The e f f e c t s  o f  s t a t i c  p re load  on i s o l a t o r  s t i f f n e s s  and damping were l i k e w i s e  
i nves t i ga ted .  S t a t i c  p re load  values chosen from t h e  v e r t i c a l  i n - f l i g h t  i s o -  
l a t o r  loads were 35kN and 70kN f o r  forward and a f t  f l i g h t ,  r e s p e c t i v e l y .  
F igu re  47 shows t h e  p r e d i c t e d  t r a n s m i s s i b i l i t y  c a l c u l a t e d  f o r  0, 35, and 70 kN 
pre loads on t h e  two i s o l a t o r  systems a t  8OoC i n  t h e  v e r t i c a l  d i r e c t i o n .  

I s o l a t i o n  e f f e c t i v e n e s s  - I s o l a t i o n  e f f e c t i v e n e s s  i s  de f i ned  as t h e  r a t i o  o f  
t h e  t h e  r e c e i v e r  (a i r f rame) displacement obta ined when t h e  r e c e i v e r  (a i r f rame)  
i s  connected w i t h  a r i g i d  l i n k  t o  t h e  displacement obta ined when an i s o l a t o r  i s  
i n s e r t e d  between t h e  source (gearbox) and r e c e i v e r  (a i r f rame).  Therefore,  an 
i s o l a t i o n  e f f e c t i v e n e s s  value o f  one i n d i c a t e s  a r i g i d  connect ion w i th  no 
i s o l a t i o n  and h ighe r  values i n d i c a t e  b e t t e r  i s o l a t i o n .  I s o l a t i o n  e f f e c t i v e n e s s  
i s  a more accurate i n d i c a t i o n  o f  i s o l a t o r  performance than t r a n s m i s s i b i l i t y  
because i t  takes i n t o  account t h e  ou tpu t  c h a r a c t e r i s t i c s  o f  t h e  source (gear- 
box). I s o l a t i o n  e f f e c t i v e n e s s  equals t h e  r e c i p r o c a l  o f  t r a n s m i s s i b i l i t y  o n l y  
when t h e  ou tpu t  o f  t h e  source (gearbox) i s  independent o f  t h e  at tached load. 
The i s o l a t i o n  e f f e c t i v e n e s s  w i l l  become worse a t  s t r u c t u r a l  resonance f r e -  
quencies because t h e  s t i f f n e s s  o f  t h e  s t r u c t u r e  may be as low o r  lower than the  
i s o l a t o r .  Therefore, i s o l a t o r  performance a t  a resonance i s  n o t  always d i s -  
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played by poor t r a n s m i s s i b i l i t y  b u t  i s  always d isp layed by poor i s o l a t i o n  
e f fec t i veness .  The i s o l a t i o n  e f fec t i veness  o f  t he  i s o l a t i o n  system designs 
were ca l cu la ted  r e l a t i v e  t o  a r i g i d  connect ion o f  10l2 N/m. The p r e d i c t e d  
e f fec t i veness  o f  t he  two- and f o u r - i s o l a t o r  designs are  shown i n  F igures 48 and 
49 f o r  t he  v e r t i c a l  d i r e c t i o n .  

Plan For V a l i d a t i o n  

I s o l a t i o n  - The p r e l i m i n a r y  i s o l a t o r  design has been es tab l i shed i n  the  Phase 
I11 e f f o r t .  Dur ing Phase I V  t he  d e t a i l e d  i s o l a t o r  design w i l l  be completed and 
f u l l  sca le t e s t s  c a r r i e d  out.  F ina l  d e f i n i t i o n  o f  t he  loads envelope and 
a i r c r a f t  component d e f l e c t i o n s  would be used t o  s e t  t he  l i m i t s  f o r  i s o l a t o r  
design. These parameters, together  w i t h  a f i n a l  s p a t i a l  envelope w i l l  be i n p u t  
t o  the  I s o l a t o r  Design/Predic t ion Methodology procedures which have been 
developed 'by Sikorsky and v a l i d a t e d  by model sca le t e s t s  o f  small sca le i s o l a -  
t o r s .  A parametr ic  eva lua t i on  o f  i s o l a t o r  e f fec t i veness  w i l l  then be made. 
The parameters w i l l  i nc lude s t i f f n e s s  i n  a x i a l  and r a d i a l  d i r e c t i o n s ,  p re load  
cond i t ions ,  low frequency dynamic q u a s i - s t a t i c  load  e f f e c t s ,  ma te r ia l  proper-  
t i e s ,  geometry, and temperature. 

A se lec ted  i s o l a t o r  s e t  w i l l  be f a b r i c a t e d  f o r  bench t e s t i n g  and f u l l  sca le 
evaluat ion.  The bench t e s t  w i l l  i n v o l v e  a s i n g l e  u n i t  i n  t he  h a l f - s c a l e  
dynamic a i r f rame r i g .  These t e s t s  w i l l  i n v o l v e  several  p re load cond i t i ons  and 
be repeated f o r  several  i s o l a t o r s  t o  o b t a i n  representa t ive  r e s u l t s .  These 
t e s t s  w i l l  p rov ide  the  v e r i f i c a t i o n  o f  t he  i n d i v i d u a l  load ing  d i r e c t i o n  e f f e c t s  
and i s o l a t i o n  e f fec t i veness  i n  a c o n t r o l l e d  environment. The i s o l a t o r  design 
methodology w i l l  then be v a l i d a t e d  a t  f u l l  sca le dimensions w i t h  representa t ive  
pre load cond i t ions .  

A f u l l  sca le ground shake t e s t  on an S-76 a i r c r a f t  w i l l  determine the  i s o l a t o r  
e f fec t i veness  as a group r a t h e r  than i n d i v i d u a l l y .  I n  t h i s  t e s t  t he  i n t e r -  
a c t i o n  o f  a l l  e i g h t  i s o l a t o r s  (2 a t  each attachment l o c a t i o n  between the  main 
gearbox and a i r f rame)  w i l l  be evaluated. R i g i d  mount i n s e r t s  o f  t he  same s i z e  
as the  i s o l a t o r s  w i l l  be used as a base l ine  t o  compare w i t h  the  i s o l a t e d  case. 
Measurements w i l l  be made a t  t he  i s o l a t o r  i n t e r f a c e  (on each s ide  i n  a l l  th ree  
d i r e c t i o n s  a t  each attachment) and on the  frames, panels,  and i n  the  cab in  
acous t ic  space. These measurements w i l l  be compared t o  the  S t a t i s t i c a l  Energy 
Analys is  (SEA) p r e d i c t i o n s  f o r  frame and panel energy l eve l s .  The b e n e f i c i a l  
in f luence which the  i s o l a t i o n  system has on cab in  no ise l e v e l  reduc t i on  w i l l  be 
determined. 

The f o l l o w i n g  i s  an o u t l i n e  f o r  t he  proposed p lan:  

2.5 Phase I V  - V a l i d a t i o n  

2 .5 .1  F u l l  Scale V a l i d a t i o n  o f  I s o l a t o r  Analys is  

2 .5 .1 .1  De ta i l ed  I s o l a t o r  Design 
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2.5.1.1.1 V e r i f y  loads envelope a t  airframe/gerabox i n t e r f a c e  ( q u a s i - s t a t i c  
maneuver cond i t ions) .  

2.5.1.1.2 V e r i f y  a l lowab le  r e l a t i v e  d e f l e c t i o n s  f o r  c r i t i c a l  elements (e.g.: 
engine h igh  speed sha f t ,  swashplate con t ro l s ,  t a i l  d r i v e  shaf t ) .  

2.5.1.1.3 Def ine a l lowab le  s p a t i a l  envelope, and the  s t r u c t u r a l  impact, asso- 
c i a t e d  w i t h  i s o l a t o r  i n s t a l l a t i o n .  

2.5.1.1.4 Conduct parametr ic  eva lua t i on  o f  i s o l a t o r  e f fec t i veness  as a f u n c t i o n  
o f  s t i f f n e s s  and ma te r ia l  p roper t i es  w i t h i n  the  c o n s t r a i n t s  o f  Items 
2.5.1.1.1 through 2.5.1.1.3 above. 

2.5.1.1.5 Develop the  d e t a i l  i s o l a t o r  drawings and f a b r i c a t e  a se lec ted  i s o l a -  
t o r  s e t  (10 un i t s ) .  

2.5.1.2 U n i t  I s o l a t o r  Bench Test 

2.5.1.2.1 Set up and inst rument  the  ha l f - sca le  dynamic a i r f rame r i g .  

2.5.1.2.2 I n s t a l l  s i n g l e  i s o l a t o r  i n  the  r i g  f i x t u r e  and conduct i s o l a t i o n  
shake t e s t i n g  a t  acous t ic  f requencies a t  a g iven pre load cond i t ion .  
Repeat t e s t s  a t  two a d d i t i o n a l  p re load cond i t ions .  Repeat t e s t s  f o r  
t h ree  a d d i t i o n a l  i s o l a t o r  u n i t s  t o  t e s t  f o r  f a b r i c a t i o n  va r ia t i ons .  

2.5.1.2.3 Analyze data from bench tes ts .  

2.5.1.2.4 Compare bench t e s t  data w i t h  p red ic ted  i s o l a t o r  performance and 
v a l i d a t e  o v e r a l l  p r e d i c t i o n  methodology a t  model scale.  

2.5.1.3 F u l l  Scale Ground Shake Test 

2.5.1.3.1 Formal ize t h e  d e t a i l e d  t e s t  and measurement p l a n  i n c l u d i n g  any bench 
t e s t  bene f i t s .  

2.5.1.3.2 Fabr ica te  i n s e r t s  f o r  r i g i d  mount cond i t i on .  

2.5.1.3.3 I n s t a l l  r i g i d  mount i n s e r t s  on an S-76 a i r f rame a t  t h e  f o u r  a t tach-  
Inst rument  the  

Measure the  v i b r a t i o n  
ment l oca t i ons  between the  main gearbox and a i r f rame.  
a i r c r a f t  and conduct t he  base l ine  shake tes ts .  
and acous t ic  l e v e l s .  

2.5.1.3.4 I n s t a l l  i s o l a t o r s  on an S-76 a i r f rame a t  the  f o u r  attachment loca-  
t i o n s  between the  main gearbox and a i r f rame i n  p lace  o f  t he  r i g i d  
mount. Inst rument  the  a i r c r a f t  and conduct shake t e s t s  w i t h  i s o l a -  
t o r s .  Measure the  v i b r a t i o n  and acous t ic  l eve l s .  

2.5.1.3.5 Reduce and analyze t h e  f u l l  sca le  t e s t  data. Compare w i t h  p red ic -  
t i o n s  and make recommendations. 
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CONCLUDING COMMENTS 

The a p p l i c a t i o n  o f  SEA methodology t o  the  p r e d i c t i o n  o f  h e l i c o p t e r  i n t e r i o r  
no ise [l, 21 generated many i n t e r e s t i n g  views o f  how energy t r a v e l s  from source 
t o  rece iver .  Th is  phase o f  t he  NASA program has looked a t  var ious ways t o  
i n t e r r u p t  these va r ied  energy paths. These inc lude  i n t e r i o r  t reatments,  panel 
i s o l a t i o n ,  leakage c o n t r o l ,  damping, and source i s o l a t i o n .  The in f l uence  each 
has on a i r c r a f t  no ise performance has been presented i n  t h i s  r e p o r t  and some o f  
the  key i tems are as fo l lows:  

e 

I e 

e 

e 

e 

For the  f i r s t  t ime, a SEA model has been demonstrated f o r  a complete 
a i r c r a f t  i n c l u d i n g  two d i f f e r e n t  c u r r e n t  i n t e r i o r  con f igu ra t i ons  and one 
experimental. 

The coup l ing  l oss  f a c t o r  prov ides the  proper  i n fo rma t ion  t o  conduct t rade  
assessments between panel TL and leakage c o n t r o l .  

P red ic t i ons  o f  i n t e r i o r  t reatment  parametr ic  v a r i a t i o n s  are  reasonable and 
cons is ten t  w i t h  experience. 

SEA p r e d i c t i o n s  o f  e x i s t i n g  designs are  i n  good agreement w i t h  f l i g h t  
data. 

The modeling process and the  p r e d i c t i o n s  generated prov ide  i n s i g h t  which 
w i l l  f o s t e r  i n t r i n s i c a l l y  b e t t e r  designs f o r  f u t u r e  a i r c r a f t .  

The frequency response measurements made on the  S-76 revea ls  t h a t  t he  
a i r f rame i s  s t i f f e r  than the  gearbox and conta ins fewer resonances. 
Resonances i n  bo th  s t r u c t u r e s  are h e a v i l y  damped. 

Adequate i s o l a t i o n  can be prov ided a t  an opera t ing  temperature o f  8OoC 
us ing  a two- o r  f o u r - i s o l a t o r  design a t  each o f  t he  f o u r  gearbox-airframe 
attachment po in ts .  

Add i t i ona l  i s o l a t i o n  can be prov ided by making t h e  i s o l a t o r s  weaker and 
i n s t a l l i n g  p o s i t i v e  stops on the  gearbox t o  l i m i t  i t s  displacement wh i l e  
under peak i n - f l i g h t  loads. 

S t i f f e n i n g  the  gearbox w i l l  improve the  i s o l a t i o n  system performance more 
than s t i f f e n i n g  the  a i r f rame.  
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RECOMMENDATIONS 

The b e n e f i t s  o f  model i ng i n t e r i o r  t reatment  types are  demonstrated by the  
a b i l i t y  one has t o  do design s tud ies  and t rade -o f f s .  Since the  SEA model 
conta ins i n fo rma t ion  re1 a t i v e  t o  bo th  s t ructureborne and a i rbo rne  energy f 1 ow 
v i a  var ious paths, a study conducted e a r l y  i n  the  design stage o f  a new a i r -  
c r a f t  i s  now poss ib le .  The e f f e c t  o f  changing the  f rame/ junct ion p o i n t s  and 
beam termina t ions  cou ld  be assessed f o r  t h e i r  impact on acoust ics .  

Another area having s t rong p o t e n t i a l  i s  i s o l a t i o n .  The dominant source o f  
cab in  no ise has been shown t o  be the  gear mesh forces generated i n  t h e  main 
gearbox. These fo rces  t ransmi t  through the  gearbox housing t o  the  a i r f rame;  
subsequently r a d i a t i n g  acous t ic  energy from those surfaces. The major pa th  i s  
s t r u c t u r a l  and i so l  a t i  on i n t e r r u p t s  t h a t  path. Thus a s i g n i f i c a n t  no ise 
reduc t i on  i s  poss ib le  depending on the  c o n s t r a i n t s  o f  t he  o v e r a l l  h e l i c o p t e r  
performance, e.g.: swashplate c o n t r o l  inpu ts ,  engine/gearbox and gearbox / ta i l  
t a k e - o f f  a l ignments,  and s p a t i a l  compactness. These i tems p l a y  a r o l e  i n  
s i z i n g  an i s o l a t i o n  system, and hence they tend t o  l i m i t  the  acous t ic  reduc- 
t i o n s  achievable. Even w i t h  these c o n s t r a i n t s  i t  i s  apparent t h a t  impor tant  
no ise reduc t ions  are  poss ib le .  I t  i s  recommended t h a t  t he  i n i t i a l  i s o l a t i o n  
study repor ted  he re in  be completed and i s o l a t o r s  f a b r i c a t e d  and tes ted .  A 
recommended program f o r  Phase I V  has been descr ibed and, pending the  outcome, 
p lans should be i n i t i a t e d  f o r  f u l l  sca le f l i g h t  t e s t i n g  o f  t h i s  concept. 
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APPENDIX A 

Laboratory Exper imentat ion 

. 
Test Chambers - Laboratory t e s t i n g  f o r  v a r i f i c a t i o n  o f  Panel TL type junc t i ons  
were performed w i t h i n  the  Acoust ic  Test Chambers a t  S ikorsky 's  S t r a t f o r d  p l a n t .  
The Chambers c o n s i s t  o f  two rooms, s ide  by s ide,  w i t h  a t e s t  sec t i on  o f  v a r i -  
ab le  s i z e  j o i n i n g  the  two (see F igure 2). One room i s  a reverberant  type 
d i f f u s e r .  The o the r  room i s  an anechoic type w i t h  abo rp t i ve  wedges on a l l  
i nne r  surfaces. Both rooms are  i s o l a t e d  f rom t h e i r  surrounding support  s tuc-  
t u r e  as w e l l  as from each other .  The dimensions o f  t he  chambers i s  o f  suf-  
f i c i e n t  s i z e  t o  a l l o w  f o r  measurements i n  the  requ i red  range o f  500 t o  4000 Hz 
octave bands. The dimensions o f  the  t e s t  sec t i on  opening used i n  the  below 
measurements i s  4 '  x 4 ' .  The t e s t  sec t i on  can be c losed f o r  use o f  i n d i v i d u a l  
chambers. 

Panel TL - TL o f  a i r c r a f t  i n t e r i o r  panels was determined us ing  t h e  two-room 
method i n  the  t e s t  chambers. Typ ica l  panel bu i ldups  of t he  type used i n  t h i s  
r e p o r t  were p laced i n  the  t e s t  sec t i on  between chambers. Sound pressure l e v e l s  
were measured on bo th  the  i n c i d e n t  s ide  as w e l l  as the  t ransmi t ted  s ide. Sound 
i n t e n s i t y  ( L i t )  was measured on the  t ransmi t ted  s ide  d i r e c t l y  us ing  a two-micro- 
phone sound i n t e n s i t y  analyzer.  I n t e n s i t y  l e v e l s  were der ived  on t h e  i n c i d e n t  
s ide  us ing  

L i i  = Lp i  - 6 

where L i i  i s  t h e  i n t e n s i t y  l e v e l ,  i n c i d e n t  s ide  and Lpi  i s  t he  pressure l e v e l ,  
i n c i d e n t  s ide  and a f t e r  checking o f  t he  phase e r r o r  t he  t ransmiss ion l o s s  i s  
c a l c u l a t e d  by 

TL = L i i  - ( L i t  + .16). 

where L i t  i s  t he  i n t e n s i t y  l e v e l  on the  t ransmi t ted  s ide. Typ ica l  responses of 
t h e  panel layups used are shown i n  F igures 18 and 19. 

Mass law conf i rms the  a b i l i t y  of t he  chambers t o  determine TL as when compared 
t o  a panel o f  l imp  mass cons t ruc t ion ,  such as a t y p i c a l  U t i l i t y  type  s t r u c t u r a l  
panel (F igure 18) the  TL response i s  q u i t e  compar i t ive.  

To v e r i f y  t r i m  panel response f o r  t ransmiss ion loss ,  SEA modeling techniques 
were used t o  recrea te  the  chambers w i t h  an area j u n c t i o n  o f  t he  s i z e  used i n  
the  ac tua l  chamber t e s t s .  
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Panel Leakage 

Leakage measurements o f  t y p i c a l  leakage area i n  a panel was performed i n  t h e  
two t e s t  chambers. An ABS p l a s t i c  panel o f  t h e  same general cons t ruc t i on  as 
those o f  t he  U t i l i t y  type panels was p laced i n  the  t e s t  sect ion.  A s l o t  o f  
v a r i a b l e  t o t a l  area was c u t  i n t o  the  panel t o  represent  a t y p i c a l  leakage be- 
tween two panels. The leakage area covered f o r  0.03 t o  0.12 percent  o f  t o t a l  
panel area w i t h  a comparison t o  a base l ine  panel w i t h  no s l o t  (0.00% leakage). 
Noise l e v e l s  were generated again i n  the  reverberant  chamber and an i n c i d e n t  
pressure l e v e l  determined. Transmi t ted noise was measured i n  t h e  anechoic 
chamber us ing  ASTM 336 type methods and TL determined f o r  each leakage condi-  
t i o n .  

I n  F igure  5 1  i t  can be seen t h a t  leakage around the  t r i m  panels has a s t rong 
e f f e c t  on i n t e r i o r  cab in  l eve l s .  How energy f lows through leakage area pe r  
frequency was measured exper imenta l l y  and then compared t o  SEA p red ic t i ons .  
Those p r e d i c t i o n s  were based (as w i t h  the  TL t e s t i n g )  on a model o f  t he  two 
chambers w i t h  a panel j u n c t i o n  between the  two and an a d d i t i o n a l  j u n c t i o n  
d i r e c t l y  from chamber t o  chamber o f  the s p e c i f i c  leakage area. This  again can 
be seen t o  compare q u i t e  we1 1. There were some d i f f i c u l t i e s  i n  matching up 
some o f  the  lower f requencies (below t h e  range o f  i n t e r e s t )  which cou ld  pos- 
s i b l y  be due t o  the  mehod used. It would have been p r e f e r r e d  t o  generate t h e  
noise on the  anechoic s ide  and measured power d i r e c t l y  i n  the  reverberant  
chamber, b u t  t he  chmaber c h a r a c t e r i s t i c s  made i t  impossib le  t o  generate l e v e l s  
requ i red  f o r  t he  proper  s igna l  t o  no ise  r a t i o .  

Cabin Absorpt ion 

I n i t i a l l y ,  an at tempt was made t o  measure absorp t ion  i n  the  i n d i v i d u a l  compon- 
ents  i n  the  cab in  and the  t o t a l  cab in  absorp t ion  would be determined from t h a t .  

measurements o f  many o f  those components as they func t ioned i n  the  a i r c r a f t  
I Some o f  t he  measurements made can be seen i n  F igures 48 and 49. But, p r a c t i c a l  

i proved imprac t i ca l .  

To determine the  t o t a l  absorp t ion  w i t h i n  the  var ious  cab in  i n t e r i o r  types i t  
was decided t h a t  a d i r e c t  measurement o f  t h e  cab in  as opposed t o  t e s t i n g  o f  the  
many var ious  components would p rov ide  the  mode accurate in fo rmat ion .  This  
method requ i red  o n l y  a space averaged sound pressure measurement w i t h  a known 
sound power source t o  de r i ve  the  absorpt ion.  The o ther  method requ i red  a very  

the  cab in  i n t e r i o r .  
, compl icated se r ies  o f  absorp t ion  t e s t s  o f  t he  i n d i v i d u a l  components making up 

A c a l i b r a t e d  sound power source was p laced i n  bo th  a u t i l i t y  and execut ive type 
a i r c r a f t  w i t h  i n t e r i o r s  equi Val en t  t o  those modeled and pressure measurements 
made. To determine the  acous t ic  l oss  f a c t o r  q, c a l c u l a t i o n  o f  t he  cab in  room 
constant  R i s  requ i red ;  

Lp = Lw + l o l o g  ( Qe + 2 ) 
4 ~ r 2  R 
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where Lp i s  t he  measured sound pressure i n  the  cabin,  Lw i s  the  known sound 
power emi t ted  from the  source, Q6 i s  t he  d i r e c t i o n a l i t y  f a c t o r ,  and r i s  the  
d is tance from the  source. By app ly ing  t h a t  value w i t h  the  measured sur face 
area S t  prov ides the  average cab in  absorp t ion  E us ing  

R 
S t  + R 

- 
c i =  

The absorp t ion  A i n  Sabins comes from 

A = SE 

and then app ly ing  the  volume o f  the  cab in  V,  t he  reve rbe ra t i on  t ime T can be 
c a l c u l a t e d  

and f i n a l l y  t he  l o s s  f a c t o r  

i s  c a l c u l a t e d  f o r  each i n d i v i d u a l  frequency F. This  was app 
the  cab in  ma te r ia l  model l oss  fac to r .  

i e d  d i r e c t  
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Figure  50. R e l a t i v e  Comparison o f  Bare Cabin Levels t o  the  
U t i l i t y ,  Execut ive and Advanced Overhead C a v i t i e s  
and Cabin Levels. 
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Figure 51. E f f e c t  o f  Increased Leakage Area on Panel TL. 
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F igure 52. Absorption Provided by Several Typica l  Cabin 
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F igure 53. Typica l  To ta l  Absorption o f  Cabin Furnishings. 
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Figure 54a. Measured Intensity Contours for a Utility Type Panel 
at 0.5 kHz. 
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Figure 54b. Measured Intensity Contours for a Utility Type Panel 
at 1 kHz. 



Figure 54c. Measured Intensity Contours for a Utility Type Panel 
at 2 kHz. 
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Figure  54d. Measured I n t e n s i t y  Contours f o r  a U t i l i t y  Type Panel 
a t  4 kHz. 
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Figure 55a. Measured Intensity Contours for an Executive Type 
Panel at 0.5 kHz. 
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Figure 55b. Measured I n t e n s i t y  Contours f o r  an Executive Type 
Panel a t  1 kHz. 



Figure 55c. Measured I n t e n s i t y  Contours f o r  an Executive Type 
Panel a t  2 kHz. 
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Figure 55d. Measured I n t e n s i t y  Contours f o r  an Executive Type 
Panel a t  4 kHz. 
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Photo 20. Typical  U t i l i t y  Type Panel Being Tested f o r  TL i n  t h e  
Test  Chambers from Anechoic Side, Sound I n t e n s i t y  
Probe Shown 
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Photo 21. Typical View o f  Panel TL Test ing - Anechoic Side 
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Photo 22. TYP c a l  View o f  Panel TL Test ing - Reverberant Side 
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